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Abstract 
Background 
Whole-body vibration (WBV) as a training modality is established in the fields of 
sport, fitness, rehabilitation, and clinical intervention. WBV exercises are performed 
thereby while standing on a motor driven oscillating platform device. Therefore, the 
scientific interest in WBV is a steadily increasing field in sports science and research. 
It has been shown that WBV training elicits various biological and physiological 
effects in men. Nevertheless, there are only a small number of studies examining 
WBV effects on neuromuscular performance of the lower extremities in elderly 
people. Furthermore, the results of these studies show many discrepancies that may 
be caused by limitations referring to the different applied training protocols and 
vibration loads. In addition, there is still a deficit of information for effective but safe 
recommendations for WBV application for trunk and neck muscles. Therefore, this 
doctoral thesis deals with three major aspects of WBV as an exercise modality in 
strength training: (1) the recommendation of optimal vibration loads (VbLs) for the 
lower extremities as an essential element of the WBV exercise parameters in older 
adults, (2) the evaluation of these VbLs in a WBV training intervention for elderly 
people with regard to feasibility and chronic effects on neuromuscular performance of 
the lower limbs, and (3) the allocation of information for effective but safe advices for 
VbLs for trunk and neck muscles. These aspects are further specified toward five 
hypotheses (H
1
, H
2
, H
3
, H
4
, and H
5
) by findings and limitations of the current state of 
literature. 
Methods 
The five hypotheses are evaluated within three research papers (studies 1 to 3). The 
first study (S1) evaluated the optimal VbL determined by the combination of three 
biomechanical variables (vibration frequency, vibration amplitude, and knee angle) in 
older adults (H
1
). Therefore, the neuromuscular activity of the quadriceps femoris and 
hamstring muscles in 51 healthy subjects were measured during WBV exposure 
using surface electromyography (EMG). Maximal voluntary contractions (MVCs) were 
conducted prior to the measurements to normalise the EMG signals. A three-way 
mixed ANOVA was performed to analyse the different effects of the biomechanical 
variables on muscle activity. Study 2 (S2) represents a randomised controlled trial to 
assess the results of S1 implemented in a WBV training protocol and therefore to 
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evaluate the feasibility and effectiveness of a six-week WBV intervention (H
2
, H
3
, and 
H4). A total of 21 subjects was allocated randomly into either a WBV training or 
control group. While the WBV group completed a six-week WBV training programme 
the control group was asked not to change their current level of physical activity 
during the study. Before and after the intervention period, jump height was measured 
during a countermovement jump (CMJ). In addition, isokinetic knee extension and 
flexion strength parameters were recorded using a motor-driven dynamometer. The 
Borg scale for ratings of perceived exertion (RPE scale) was used to evaluate the 
intensity of WBV exercises within each training session. Changes from pre- to 
posttest were analysed by a paired sample t-test (within-group comparisons) and 
independent sample t-test (between-group comparisons). The intention of study 3 
(S3) was to analyse the impact of biomechanical variables on neuromuscular activity 
of different trunk and neck muscles during WBV (H
5
) filling the lack of information in 
current literature. Those biomechanical variables were assumed, which current 
literature suggests as having the lowest risk of negative side effects on the head. 
Surface EMG was used to record the neuromuscular activity in 28 healthy subjects. 
EMG signals were normalised to prior measured MVC. Different effects of the 
biomechanical variables were analysed by an ANOVA for repeated measurements. 
Results  
The findings of S1 showed that the biomechanical variables affect the level of 
neuromuscular activity of thigh muscles in older adults in different dimensions which 
confirms H
1
. The maximum levels of muscle activity were significantly reached at 
high amplitude and high frequency, whereas the factor “knee angle” only significantly 
affected the quadriceps femoris. Furthermore, WBV led to a higher muscle activation 
of the quadriceps femoris (74.1 % MVC) than of the hamstring muscles (27.3 % 
MVC). The main findings in S2 were an increased multi-joint strength performance of 
the lower limbs during a countermovement jump in the WBV group, whereas values 
of the control group remained unchanged after the intervention, thus confirming H
2
. 
There were no statistically significant differences in isokinetic maximal strength, 
mean power, or work values in knee extension or flexion in both groups (rejecting 
H
3
). In addition, the subjective perceived exertion of the WBV exercises and 
respective training parameters ranged between moderate rating levels of 7 and 13 of 
the Borg scale and indicate WBV intervention as a feasible and safe training program 
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for elderly people, which is consistent with H
4
. Finally, the outcomes of S3 confirmed 
H
5 
as the biomechanical variables affect the level of neuromuscular activity of the 
trunk and neck in different dimensions. The maximum levels of muscle activity were 
significantly reached at high amplitude and high frequency, while knee angles had 
similar effects on the VbL. WBV led to a higher muscle activation of the lower back 
muscles (27.2% MVC) than of neck muscles (8.5 % MVC) and the abdominal 
muscles (3.6 % MVC). 
Conclusion 
A maximised VbL for WBV training in older adults depends on specific combinations 
of the biomechanical variables (vibration frequency, vibration amplitude, and knee 
angle). In addition, a WBV training based on this age-specific high VbL is a feasible, 
suitable and effective training program for elderly people to prevent age-related 
reduction of muscle performance in the lower extremities. Furthermore, the 
combination of biomechanical variables recommended in literature as safe for 
preventing harmful transmissions to the head, only elicit low to moderate muscle 
activation of the upper body. The findings of this thesis represent fundamental 
research in the field of WBV and may help to improve further research in this area. 
Finally, this thesis may help coaches and therapists to enhance the quality of WBV 
training in practical application. 
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Zusammenfassung 
Hintergrund 
Ganzkörpervibration (Whole-Body Vibration, WBV) hat sich als Trainingsanwendung 
im Sport-, Fitness, Rehabilitationsbereich und klinischen Bereich etabliert, wobei die 
Übungen dabei im Stehen auf einer Vibrationsplatte durchgeführt werden. In diesem 
Zusammenhang ist auch das wissenschaftliche Interesse am Vibrationstraining ein 
stetig wachsendes Feld in den Bereichen der Sportwissenschaft und Forschung. 
Bisher konnte gezeigt werden, dass Vibrationstraining verschiedene biologische als 
auch physiologische Reaktionen beim Menschen hervorruft. Dennoch gibt es nur 
wenige Untersuchungen, die sich mit den Auswirkungen des Vibrationstrainings auf 
die neuromuskuläre Leistung der unteren Extremitäten bei älteren Menschen 
beschäftigen. Des Weiteren weißen die Ergebnisse dieser wenigen Studien viele 
Widersprüchlichkeiten auf, welche durch die unterschiedlich verwendeten 
Trainingsvorgaben und Vibrationsbelastungen verursacht sein könnten. Darüber 
hinaus besteht noch ein großes Defizit an grundlegenden Informationen hinsichtlich 
effektiver, aber dennoch sicherer Vorgaben in der Anwendung des 
Vibrationstrainings im Bereich der Rumpf- und Nackenmuskulatur. Vor diesem 
Hintergrund beschäftigt sich die vorliegende Dissertation mit drei wesentlichen 
Aspekten des Vibrationstrainings: (1) die Empfehlung von optimalen 
Vibrationsbelastungen (VbL) als wesentlicher Bestandteil des 
Vibrationstrainingsplans der unteren Extremitäten älterer Menschen, (2) die 
Evaluierung dieser VbL anhand einer auf Vibrationstraining basierter Intervention mit 
älteren Menschen hinsichtlich Durchführbarkeit und Auswirkungen auf die 
neuromuskuläre Leistung der unteren Gliedmaßen, und (3) Angaben für effektive und 
sichere VbL für Rumpf- und Nackenmuskulatur bereitzustellen. Mit der Aufarbeitung 
von Ergebnissen und Defiziten des aktuellen Forschungsstands werden diese 
Aspekte durch die Formulierung von fünf Hypothesen (H
1
, H
2
, H
3
, H
4
, and H
5
) weiter 
spezifiziert. 
Methodik 
Die fünf Hypothesen werden in drei wissenschaftlichen Veröffentlichungen (Studie 1 
bis 3) untersucht. Die erste Studie (S1) befasste sich mit der optimalen VbL für ältere 
Personen (H
1
), welche durch die Kombination von drei biomechanischen Variablen 
(Vibrationsfrequenz, Vibrationsamplitude und Kniewinkel) bestimmt wird. Hierzu 
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wurde die neuromuskuläre Aktivität der vorderen und hinteren 
Oberschenkelmuskulatur von 51 gesunden Probanden unter Vibration mittels 
Oberflächen-Elektromyografie (EMG) gemessen. Vor den Messungen wurden 
maximale muskuläre Kontraktionen durchgeführt, um die EMG zu normalisieren. Um 
die unterschiedlichen Auswirkungen der biomechanischen Variablen zu analysieren 
wurde eine drei-faktorielle Varianzanalyse durchgeführt. Studie 2 (S2) entspricht 
einer randomisierten kontrollierten Studie, welche die Ergebnisse aus S1 in einem 
Trainingsplan verwendet, um die Durchführbarkeit und Effektivität eines sechs 
wöchigen Vibrationstrainings zu untersuchen (H
2
, H
3
, und H
4
). Hierfür wurden 21 
Probanden zufällig einer Vibrationstrainings- oder einer Kontrollgruppe zugeteilt. 
Während die Vibrationsgruppe ein sechs wöchiges Vibrationstraining absolvierte, 
wurden die Teilnehmer der Kontrollgruppe gebeten ihre körperliche Aktivität während 
des Studienzeitraums nicht zu verändern. Vor und nach dem 
Untersuchungszeitraums wurde die Sprunghöhe  während eines „countermovement 
jump“ (CMJ) erfasst. Weiterhin wurden isokinetische Kraftmessgrößen der 
Kniegelenkbeugung und –streckung an einem Dynamometer ermittelt. Die Borgskala 
zur Erfassung des subjektiven Belastungsempfindens wurde eingesetzt, um die 
Intensität der Übungen des Vibrationstrainings innerhalb einer Trainingseinheit zu 
messen. Veränderungen der Messgrößen zwischen Eingangs- und Abschlusstest 
wurden statistisch mit einem t-Test für abhängige (innerhalb einer Gruppe) und 
einem t-Test für unabhängige Stichproben (zwischen den Gruppen) untersucht. Ziel 
der dritten Studie (S3) war es den Einfluss der biomechanischen Variablen auf die 
muskuläre Aktivierung verschiedener Rumpf- und Nackenmuskeln (H
5
). Hierzu 
wurden solche biomechanische Variablen ausgesucht, welche laut derzeitigem 
Wissensstand jeweils das geringste Risiko von Nebenwirkungen für den Kopf 
ausüben. Mittels Oberflächen-EMG wurde die muskuläre Aktivität von 28 Probanden 
erfasst. EMG Signale wurden zu vorangegangenen MVC Messungen normalisiert. 
Die Unterschiedlichen Effekte der biomechanischen Variablen wurden mittels einer 
Varianzanalyse für Messwiederholungen analysiert. 
Ergebnisse 
Die Ergebnisse von S1 konnten zeigen, dass die biomechanischen Variablen den 
neuromuskulären Aktivierungsgrad der Oberschenkelmuskulatur bei älteren 
Personen unterschiedlich beeinflussen und somit H
1 
bestätigen. Der höchste Grad 
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der Aktivierung wurde deutlich mit einer großen Amplitude und hohen Frequenz 
erreicht, wobei der Kniewinkel ausschließlich die vordere Oberschenkelmuskulatur 
beeinflusst. Zudem, führte der Vibrationseinfluss zu einer größeren Muskelaktivität 
der Oberschenkelvorderseite (74.1 % MVC) als der –rückseite (27.3 % MVC). Die 
Resultate von S2 hinsichtlich des CMJ Tests bestätigen H
2
, da es in der 
Vibrationstrainingsgruppe zu einer gesteigerten gelenksübergreifender Kraftleistung 
in den Beinen kam, aber keine Veränderungen in der Kontrollgruppe feststellbar 
waren.  Hingegen kam es in keiner Gruppe zu statistisch signifikanten 
Veränderungen der isokinetischen Messgrößen (Maximalkraft, Kraftleistung, 
Muskelarbeit), wodurch H
3 
abgelehnt wird. Das subjektive Belastungsempfinden der 
Übungen und des Belastungsgefüges des Vibrationstrainings liegt zwischen 
moderaten Bewertungsstufen von 7 bis 13 der Borgskala und weist daraufhin, dass 
Vibrationstraining ein praktikables und sicheres Übungsprogramm für ältere 
Menschen ist und somit H
4
 bestätigt. Die Ergebnisse von S3 konnten H
5
 bestätigen, 
da die biomechanischen Variablen den neuromuskulären Rumpf- und 
Nackenmuskulatur unterschiedlich beeinflussen. Der höchste Grad der Aktivierung 
wurde deutlich mit einer großen Amplitude und hohen Frequenz erreicht, wobei der 
Kniewinkel sich ähnlich auf die VbL auswirkt. Der Vibrationsstimulus führte zudem zu 
einer höheren Aktivierung der unteren Rückenmuskulatur (27.2% MVC) als der 
Nacken- (8.5 % MVC) und Bauchmuskulatur (3.6 % MVC).  
Schlussfolgerungen 
Die maximale muskuläre Belastung älterer Personen in einem Vibrationstrainings 
hängt von bestimmten Kombinationen der biomechanischen Variablen 
(Vibrationsfrequenz, Vibrationsamplitude und Kniewinkel). Zudem ist  ein 
Vibrationstraining, das auf altersspezifischen Vibrationsbelastungen basiert ein 
machbares, angemessenes und effektives Trainingsprogramm für älteren Menschen, 
um einem altersbedingten Abnehmen der muskulären Leistungsfähigkeit 
vorzubeugen. Weiterhin  führt die Verbindung von biomechanischen Variablen, 
welche laut bisherigem Forschungsstand als sicher gegen schädliche 
Vibrationsübertragungen zum Kopf gelten, nur zu leichten bis moderaten 
Muskelaktivierung im Oberkörper. Die Ergebnisse dieser Dissertation liefern einen 
Beitrag zur Grundlagenforschung auf dem Gebiet des Vibrationstrainings und können  
weiteren Forschungsarbeiten hilfreich sein. Darüber hinaus kann diese Arbeit helfen 
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die Qualität von Vibrationstrainingsangeboten zu verbessern und somit zum 
praktischen Nutzen beitragen. 
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Structure of the thesis 
This doctoral thesis deals with three major aspects of whole-body vibration as an 
exercise modality in strength training: (1) the recommendation of optimal vibration 
loads (VbLs) for the lower extremities as an essential element of the WBV exercise 
parameters in older adults, (2) the verification of these VbLs in a WBV training 
intervention for elderly people with regard to chronic effects on neuromuscular 
performance of the lower limbs and feasibility, and (3) the allocation of information for 
effective but safe recommendations for WBV training protocols for trunk and neck 
muscles. 
The present manuscript is formally constituted in three major parts. The first part 
provides the theoretical background, current state of research, and the context and 
the rationale of this doctoral thesis. 
The second part includes the scientific program of this thesis and consists of three 
studies, which refer to the previously mentioned aspects of WBV in strength training. 
This scientific program is reviewed in three research papers, which have been 
published in international peer-reviewed journals respectively. Each paper is 
preceded with a brief summary of the rationale and specific aims. Table 1 shows the 
attribution of the research papers and the applied studies. 
Table 1: The attribution of the research papers. 
Research paper Scientific content 
Research paper 1 WBV study 1 (S1) 
Research paper 2 WBV study 2 (S2) 
Research paper 3 WBV study 3 (S3) 
 
In the third and final part, a comprehensive and supplementary discussion will 
integrate the results of the scientific program into the scientific discussion found in 
current literature. 
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1 Background 
The first part is structured in three chapters and provides the theoretical background 
and the rationale behind this thesis. 
Chapter 1 gives an introduction to whole-body vibration (WBV) as a natural human 
stimulus that occurs in daily living and the physical principles behind it. Furthermore, 
this chapter elucidates WBV as an exercise modality and the appropriate exercise 
devices, and finally addresses the biomechanical and physiological response of the 
human body to WBV and potential damage.  A review of current literature referring to 
acute and chronic outcomes due to WBV training, such as physiological effects, 
effects on the upper body, effects on neuromuscular performance of the lower 
extremities as well as limitations of the current state of research, will be presented in 
chapter 2. Chapter 3 provides the context of this thesis and describes the aims, 
hypothesises, and research questions of this scientific work. 
 
1.1 Introduction to whole-body vibration 
This chapter provides basic information on WBV starting with natural vibration stimuli 
and main physical principles and used terms to describe vibrations. Thereafter, WBV 
as an exercise and trainings modality and the different WBV exercise devices are 
presented in addition to how the human body response on WBV exposure. At the 
end of this chapter, some potential harms will be addressed. 
  
1.1.1 Whole-body vibration – a natural human stimulus 
In modern life whole-body vibration (WBV) is a natural phenomenon that occurs in 
daily living whenever the human body interacts with external forces for example 
during walking, driving a car, or riding a motor bike (Mester et al., 2003). Vibrations 
are also a part of all sport activities when impacts arise where either a part of the 
body or sport equipment in contact with the body collides with an object (Cardinale 
and Wakeling, 2005). Examples of vibration loads during sport activities are the 
results of impact shocks perceived in the lower extremities during alpine skiing, inline 
skating, off-road biking, running, or the impact force experienced when the racket hits 
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the ball in tennis (Cardinale and Wakeling, 2005; Mester et al., 2003). The physical 
principles and associated terms of vibration are described in the following section. 
 
1.1.2 Physical principles 
Types of vibration 
In a physical sense, vibration is a forced oscillation as a result of an initial input 
applied to a mechanical system of masses (e.g. the human body). Thereby, two 
different types of vibration are distinguished.  
The first type  free vibration, occurs, when a mechanical system of masses is excited 
by an impact shock or a force and is allowed to oscillate freely in the absence of any 
driving or damping force (Urone et al., 2012). Every system can be excited and will 
then vibrate at its own frequency called natural frequency (Nigg, 2010). Examples of 
this vibration type are a clinked wine glass, a hit tuning fork, or a pulled back and 
then released pendulum.  
The second type of vibration is known as forced vibration, which happens at a 
frequency of a time-varying input (forced frequency) for example during an 
earthquake (Bhatt, 2009) or impact forces acting on the human body in sports 
(Cardinale and Wakeling, 2005; Nigg, 1997). If the forced frequency of the excitation 
is close or equal to the natural frequency, the amplitude of the vibration increases 
greatly. This phenomenon is known as resonance (Bhatt, 2009; Nigg, 2010; Urone et 
al., 2012) and may cause violent swaying motions within the structure of the 
excitatory system, which can lead to its destruction (resonance catastrophe) 
(Rittweger, 2010). 
Categories of vibration 
Vibration (both a free vibration and a forced vibration) as an oscillatory motion is 
present in various forms (Figure 1). By definition, the motion is not a constant but 
rather an alternating phenomenon, that is greater or less than an average value 
(Griffin, 1994). Therefore, in practice, vibration occurs as a harmonic or a non-
periodic oscillatory motion. In daily living, during work, sports or leisure, vibration is 
mostly experienced as a non-periodic oscillation (e.g. transient, shock, stationary 
random, and non-stationary random oscillation). In contrast, periodic oscillatory 
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motion can be found in its pure sinusoidal form while handling technical devices 
(Mester et al., 2003). In this thesis, the focus will be on sinusoidal vibrations, as this 
is the type of oscillation provided by currently available platform devices (Rauch et 
al., 2010). More detailed information about WBV devices will be given in section 
1.1.4.  
 
Figure 1: Waveforms of different categories of vibration (Griffin, 1994). 
 
Physical terms of sinusoidal vibration 
The sinusoidal shape of a periodic oscillatory motion is described by the physical 
variables of frequency (f) and amplitude (A) (Cardinale and Wakeling, 2005; Rauch et 
al., 2010; Rittweger, 2010). The frequency of the motion is given by the repetition 
rate of the vibratory cycles of the period (T), where the measure unit for f is hertz1 
(Hz). The amplitude (A) of the oscillation is defined as the maximal displacement 
                                            
1
 The measure is named after the German physicist Heinrich Hertz (Griffin, 1994). 
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from equilibrium, whereas the peak-to-peak amplitude (D) is equal to the 
displacement from the lowest to the highest point of the vibration excursion. 
Amplitudes are always expressed in millimetre (mm). Figure 2 shows the magnitude 
of a typical wave of sinusoidal vibration expressed by displacement against time and 
the commonly used terms to describe vibration. Furthermore, the magnitude of an 
 
Figure 2: A wave of a sinusoidal vibration expressed by displacement against time. Period duration 
(T), peak-to-peak displacement (D), and amplitude (A) as terms to describe a periodic oscillatory 
motion (adapted from Rauch et al., 2010). 
 
oscillatory motion could also be expressed in terms of the peak acceleration (a
Peak
) or 
the peak-to peak acceleration (a
RMS
) (Griffin, 1994). Especially during WBV training 
the human body is exposed to accelerations that in turn cause a reactive force by 
and within the human body (Abercromby et al., 2007a; Abercromby et al., 2007b). 
Therefore, the rate of change in velocity during an oscillation cycle is an important 
factor to know for exercise and safety aspects (see sections 1.1.5 and 1.1.6). An 
overview of the commonly used terms to describe sinusoidal vibration and their 
definitions according to the International Society of Musculoskeletal and Neuronal 
Interactions (ISMNI) are given in Table 2. 
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Table 2: International recommendations of terms to describe sinusoidal vibrations (adapted and 
adjusted from Rauch et al., 2010). 
Term Symbol Definition Formula Unit 
Period duration T Duration of one oscillation cycle  s 
Frequency F Repetition rate of the cycles of 
oscillation 
f = 1/T Hz, s
-1
 
Peak-to-peak 
displacement* 
D Displacement from the lowest to 
the highest point of the total 
vibration excursion 
D = a
Peak 
/ (2π
2
f
2
) mm 
Amplitude A Maximal displacement from 
equilibrium position 
A = D / 2 mm 
Peak acceleration** a
Peak
 Maximal rate of change in 
velocity during oscillation cycle 
a
Peak
 = 2π
2
f
2
D ms
-2
 
Root mean squared 
acceleration** 
a
RMS
 Average rate of change in 
velocity during an oscillation 
cycle 
a
RMS
 = aPeak /    
ms
-2
 
Angular frequency ω Rate of change of the phase of a 
sinusoidal waveform 
2πf Hz, s
-1
 
* Synonymous to “peak-to-peak amplitude”. 
** Often expressed as multiples of Earth’s gravity (g = 9.81 ms
-2
). 
 
1.1.3 Vibration as an exercise modality 
Traditionally, exposure of the human body to vibration is seen as harmful and 
dangerous, especially from the point of view of occupational medicine (Bochnia et al., 
2005; Moussavi Najarkola et al., 2013). Nevertheless, WBV training has become a 
popular training method and a steadily increasing field of interest in sports science 
and research over the last decade. The reason for this increased interest is the 
perception that WBV training has positive benefits in increasing neuromuscular 
performance (Bosco et al., 1999; Cardinale and Wakeling, 2005; Delecluse et al., 
2003; Lamont et al., 2009; Luo et al., 2005; Schlumberger et al., 2001), in hormonal 
responses in men (Bosco et al., 2000; Kerschan-Schindl et al., 2001; Kvorning et al., 
2006; Rittweger et al., 2000; Rittweger et al., 2001), and the most effective impact on 
elderly people or individuals with clinical complaints (Bogaerts et al., 2007a; Bogaerts 
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et al., 2007b; Johnson et al., 2010; Rittweger et al., 2002; Rittweger et al., 2006; van 
Nes et al., 2004) (see also section 1.2). Vibration exercise is ascribed to the Russian 
Vladimir Nazarov, who developed special vibration devices to improve strength and 
flexibility in athletes at the end of the 1970s (Weber, 1997). Nazarov-stimulation - 
also known as “Biomechanical Neuromuscular Stimulation” (BMS) - by Nazarov and 
Spivak (1985), assumed that repetitive, eccentric oscillations with small amplitudes 
would be effective to increase strength and flexibility performance in athletes. 
However, vibration as an exercise modality has been a less popular training method 
in the western regions and did not draw serious scientific interest until the end of the 
1990s (Künnemeyer and Schmidtbleicher, 1997). The rising interest in WBV training 
was also driven by claims made by companies manufacturing and marketing 
vibration exercise devices (Cardinale and Wakeling, 2005). Today, WBV as a training 
modality is well established in the field of sport, fitness, rehabilitation, and clinical 
intervention (Cardinale and Wakeling, 2005; Johnson et al., 2010; Rittweger et al., 
2006). 
 
1.1.4 Whole-body vibration exercise devices 
Today, WBV training and exercises are performed while standing on a motor driven 
oscillating platform device. Hereby, the platform creates and transfers a forced 
vibration to the body and generates vibration exposure to the user. Currently, there 
are two different vibration platform types available on the market (Figure 3): (a) side 
alternating vibration platform devices, which reciprocate vertical displacements on 
the left and right side of a fulcrum, and (b) synchronous vibration platform devices, 
where the whole plate oscillates uniformly up and down (Cardinale and Wakeling, 
2005; Rauch et al., 2010; Rittweger, 2010). Furthermore, Rittweger and colleagues 
(2001) discussed that side alternating devices introduce rotational movements 
around the hip and the lumbar spine and cause a more compliant physical vibration 
load. The frequencies of a side alternating and a synchronous platform range 
between 5 to 30 Hz and 25 to 50 Hz, respectively, whereas the amplitudes (A) vary 
from < 1 to 5 mm (Pel et al., 2009; Ritzmann et al., 2014). While the amplitude of a 
synchronous device is electronically set via control panel (Pel et al., 2009), side 
alternating platforms oscillate around a central axis meaning the amplitudes here 
depend on the width of the foot position (Rauch et al., 2010). These biomechanical 
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variables, vibration frequency, vibration amplitude, and joint angles of the exercising 
subject, determine the vibration load (VbL) and thus the possible combinations of 
these biomechanical variables are too multifarious.  
 
Figure 3: Different types of whole-body vibration platform devices (Rauch et al., 2010). 
 
1.1.5 Biomechanical and physiological response of the human body to whole-
body vibration 
It has been reported that WBV exercise and training leads to positive effects in 
different fields of interest e.g.neuromuscular performance,  metabolic responses or 
decreasing back pain (e.g. Bosco et al., 2000; Delecluse et al., 2003; Rittweger et al., 
2002). Consequently, it is important to understand how the human body reacts to 
vibration exposure. In this context, Mester et al. (2003) point out that the response of 
the human body to vibrations involves both a biomechanical as well as a 
physiological process. While biomechanical approaches consider how the vibration 
stimulus is transferred to the body and is transmitted through the body, physiological 
considerations refer to strategies that affect and minimize vibrations in the human 
body.  
Biomechanical effects 
For the biomechanical considerations we have to bear in mind that the human body 
is not a rigid body (Rittweger, 2010), but rather consists of both rigid masses and 
wobbling masses of the soft tissue compartments (Figure 4), in which muscles and 
tendons act like springs and damping elements (Mester et al., 2003; Nigg, 2010). As  
 
synchronous side alternating 
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Table 3: Resonance frequencies for the compartments of the human body (Mester et al., 2003; 
Rittweger, 2010). 
 
mentioned before, the rate of change in velocity during an oscillation cycle is an 
important factor to know for exercise and safety aspects, because the force applied 
to the human body is determined by the acceleration of its mass. Assuming the 
human body as a rigid body means that such a rigid body placed on a vibration 
platform - with no firm attachment - will start bouncing up and down when the 
acceleration of the device is smaller than -1g. This is the case when the platform is 
moving down and gravity is the only downward force acting on the body (Yue and 
Mester, 2002). Although the human body is not rigid, shocks and input vibrations 
could be potentially harmful, especially when the forced frequencies (ω
A
) of the input 
signal are similar to the natural frequency (ω
0
) range of the compartments of the 
human body (see Table 3). This can lead to an amplitude amplification in the body 
called resonance (Cardinale and Wakeling, 2005; Nigg, 2010). Moreover, resonance 
catastrophe could occur, but only if the generated forces exceed the structural 
strength of the human body. However, resonance effects are rarely observed in the 
human body (Nigg, 2010) and the amount of vibration stimulus transmitted through 
the body depends on posture, stiffness and damping (Nigg, 2010; Rittweger, 2010). 
Thus, it seems the human body has developed strategies and damping properties to 
avoid resonance effects by increasing the natural frequency of the soft tissue 
compartments (wobbling mass) (Nigg, 1997; Wakeling et al., 2002). Considering that 
the natural frequency (ω
0
) is determined by the stiffness k and mass m of the 
vibrated body by ω
0
=    , it is clear that the body must be able to change the 
variable stiffness, as m cannot be amended, to adjust ω
0
. In this context, the foot to 
upper body transmission of the vibration stimulus is an important factor. Due to the 
human anatomy, vibration transmission occurs segmentally from the vibration source 
to the feet, then to the calves, up to the thighs, and from the trunk through the neck to 
the head. Referring to the spring-mass-damping model (Figure 4) the wobbling mass 
is able to reduce the transmission of the vibration induced from the WBV platform 
device, and therefore reduce the vibration of the centre of mass of the human body to 
Head Eye Spine Trunk Inner organs Muscle Leg 
18 Hz 20 Hz 8 Hz 5 Hz 8 Hz 7-15 Hz 20 Hz 
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prevent resonance (Cardinale and Wakeling, 2005; Mester et al., 2003). This 
biomechanical effect of regulating the stiffness of the human body can be additionally 
regulated by posture. Adjusting the joint angles of ankle, knee, and hip limits the 
transmission of vibration energy to the upper body and head (Abercromby et al., 
2007b; Cardinale and Wakeling, 2005; Lafortune et al., 1996).  
 
Figure 4: A modified version of the spring-damper-mass model according to Nigg and Liu (1999) and 
Liu and Nigg (2000). 
 
 
On the same note Lafortune et al. (1996) reported a decreased transmission of 
mechanical energy through the body related to decreased mechanical impedance, 
 
 
c2 
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m1 = mass of the foot and of the leg 
m2 = wobbling mass of the leg 
m3 = rigid mass of the trunk 
m4 = wobbling mass of the trunk 
k1, c1 = stiffness and damping of the leg 
k2, k3, c2 = stiffness and damping of the soft-tissue compartments of the leg 
k4, k5, c3 = stiffness and damping of the soft-tissue compartments of the trunk 
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which is determined by magnitude of stiffness and posture of the human body. In this 
regard, the mechanical impedance is reverse correlated to the joint compliance of the 
lower extremities, which affects the absorption of vibration energy (increased 
mechanical impedance leads to decreased joint compliance) (Griffin, 1994; 
Mansfield, 2005). 
Physiological effects 
In addition to the biomechanical process there are also physiological possibilities that 
affect vibrations in the human body (Cardinale and Wakeling, 2005; Mester et al., 
2003). Whereas the spring-mass-damper model illustrates and clarifies the 
biomechanical principles of damping, stiffness, posture, and transmissibility the 
physiological approach considers how the human body reacts to affect its damping 
and stiffness properties. Nigg (2010) enunciated a strategy of muscle activation to 
change the stiffness k (mass m cannot be changed) and therefore to change the 
natural frequency (ω
0
 =     ) and increase the damping c in muscles to reduce 
vibration amplitudes. This mechanism is called muscle tuning, and occurs to 
minimize wobbling mass vibrations, when the forced frequency is close to the natural 
frequency of a specific soft-tissue compartment (Nigg and Wakeling, 2001; Nigg, 
1997; Wakeling et al., 2002). The central nervous system (CNS) senses the vibration 
input and responds by adjusting the activation of corresponding muscle groups. The 
effects vary according to the characteristic of each individual soft-tissue compartment 
(Nigg, 2010). Although this paradigm originally referred to impact shocks in running, 
this theory can also be transferred to WBV (Cardinale and Wakeling, 2005). The 
common proposed neurophysiologic response of the muscle-tendon system to a 
vibration stimulus is called the Tonic Vibration Reflex (TVR) (Hagbart and Eklund, 
1966). The TVR is elicited from muscle spindle reflexes leading to tonic muscle 
contractions (Hagbart and Eklund, 1966; Lance et al., 1973). During vibration 
application muscles and tendons are alternately elongated2 and shortened 
(Abercromby et al., 2007b). Thereby, the vibration stimulus activates the receptors of 
the muscle spindles, whose discharge are sent to the spinal cord via afferent Ia nerve 
fibres, where they evoke reflex arcs and facilitate the activation of efferent α-
motoneurons leading to muscle contractions. Furthermore, the discharges of the 
                                            
2
 Cochrane et al. (2009) reported that the muscle tendon complex of the gastrocnemius is elongated 
by 1% of its total length during WBV with vibration peak acceleration of 0.6g. 
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muscle spindles depends on the pre-stretch of the muscle and increase with muscle 
length or stretch (Burke et al., 1976), whereas efferent γ–motoneurons preserve the 
stretch reflex sensitivity of the muscle spindles (Hollmann and Hettinger, 2000; Wilke 
and Froböse, 1998). Monosynaptic and polysynaptic reflex arcs have been shown to 
mediate TVR (Desmedt and Godeaux, 1980; Luo et al., 2005). In this context, the 
Golgi tendon organ reflex detects and responds to changes in muscle tension that 
are caused by muscular contraction to prevent an exceeded elongation or contraction 
of the muscle (Hollmann and Hettinger, 2000; Wilke and Froböse, 1998). The 
discharges of the Golgi organs are sent to the spinal cord via afferent Ib nerve fibres, 
where they have an inhibitory effect on the efferent α-motoneurons. Burke et al. 
(Burke et al., 1976) reported a decrease of muscle spindle discharge, whereas the 
discharge of the Golgi tendon organs increased during TVR. In conclusion, while 
literature in the field of WBV training supports the reflex muscle activation acutely 
followed by a vibration stimulus, there is still a demand for more details on the 
complex TVR mechanism and to what extent WBV training induces these reflexes 
(Abercromby et al., 2007a; Pel et al., 2009; Rittweger, 2010; Ritzmann et al., 2010). 
 
1.1.6 Potential harms of whole-body vibration 
Although WBV training is seen as an effective exercise modality, there are also a 
number of negative side effects of exposing the human body to vibration from an 
occupational point of view, including disorders of the skeletal, digestive, reproductive, 
visual, and vestibular systems (Bochnia et al., 2005; Bovenzi, 2005; Griffin, 1994; 
Moussavi Najarkola et al., 2013; Seidel, 1993). Therefore, the ISO 2631-1:1997 (ISO, 
1997) has determined limits of vibration exposure for industrial employees defined by 
direction, frequency, magnitude, and duration of the vibration applied to the human 
body. However, these occupational recommendations are based on vibration 
exposure induced through the buttocks, and hence the question is whether these ISO 
suggestions of potential harms of vibration exposure can be transferred to the 
severity of WBV training conditions by implication. In this context, Abercromby et al. 
(2007b) quantified head accelerations by performing slow squats during WBV and 
comparing them to ISO 2631-1:1997 standards. They conclude that potentially 
harmful vibration transmission to the head is minimized when using a side alternating 
vibration platform rather than a synchronous device and by squatting with a knee 
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angle of 26-30°. In addition, Caryn et al. (2014) investigated how changes in WBV 
frequency and knee angle affect acceleration transmission to the head on a 
synchronous vibration device. These authors reported that frequencies below 30 Hz 
combined with knee angles smaller than 40° should be avoided to reduce the risk of 
injury to structures of the head during WBV training. Both studies recommend a 
vibration frequency of 30 Hz, but there are differences in the respective vibration 
peak-to-peak displacements (D) of 4 mm (Abercromby, 2007b) and 1-2 mm (Caryn, 
2014), and a discrepancy relating to the recommended knee angles (26°-30° vs. > 
40°). Furthermore, Rittweger et al. (2002) indicate an decrease of chronic lower back 
pain due to WBV exercise intervention (vibration frequency of 18 Hz combined with 6 
mm peak-to-peak displacement) in excess of proposed ISO recommendations. 
These results are in contrary to the traditional belief of occupational medicine that 
vibration is regarded as a cause of back pain (Griffin, 1994; Seidel, 1993). However, 
long term damage and health risks of the ISO standards cannot be blindly transferred 
to WBV training. Some experts (Mester et al., 2003; Rittweger, 2010) suggest 
handling WBV exercises with vibration frequencies between 5 Hz and 20 Hz with 
caution, because this range of vibration frequencies may induce damage and injury 
effects due to the resonance of the human body. Thus, more research is needed to 
examine biomechanical and biological markers to determine vibration overload 
stimulus for safe but effective WBV training and exercise protocols (Abercromby et 
al., 2007b; Cardinale and Lim, 2003; Cardinale and Wakeling, 2005; Pel et al., 2009). 
 
Summary chapter 1.1 
Whole-body vibration (WBV) is a natural stimulus that occurs in various forms in daily 
living and during sport activities, and is shock-excited by a forced frequency. While 
WBV in the occupational sense is traditionally seen as perilous and harmful, the 
Russian scientist Nazarov focused on potential benefits when using a vibration 
stimulus as a training modality in the 1970s. However, the scientific interest in WBV 
training did not emerge until the 1990s, and was also driven by companies starting to 
manufacture and market vibration training devices. Today, WBV training is 
established in the field of sport, fitness, rehabilitation, and clinical intervention, 
whereas WBV exercises are performed while standing on a motor driven oscillating 
platform device. The two common types of commercial devices are synchronous and 
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side alternating platforms. Biomechanical and neurophysiologic mechanisms, like the 
Tonic Vibration Reflex (TVR), are the proposed acute adaptions of the human body 
to prevent resonance and lead to various training benefits. Potential harms of WBV 
are suggested according to data from occupational medicine and consequently more 
investigations are required to determine vibration overload stimulus for WBV training. 
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1.2 Effects of whole-body vibration training 
In this chapter, a review of the current state of literature according to acute and 
chronic effects of WBV training is given. First physiological effects, such as metabolic 
and hormonal responses in men, and effects of WBV on individuals with clinical 
complaints, are elucidated. Then general aspects of how WBV affects the upper body 
are addressed before the focus is moved to neuromuscular performance of the lower 
extremities. At the end of this chapter, limitations of the current state of research are 
presented. 
 
1.2.1 Acute and chronic physiological effects 
WBV as a training intervention has been examined in different sectors of sport, 
fitness, rehabilitation, men with clinical complaints, and even space travel (Cardinale 
and Pope, 2003; Cardinale and Wakeling, 2005; Rittweger, 2010; Luo et al., 2005). 
Hence, in the field of WBV literature there are different approaches to the topic and 
various choices of the outcome parameters. Previous studies have shown that WBV 
training has positive effects in acute metabolic and hormonal responses in men and 
have reported different changes and alterations in growth hormone, testosterone, 
cortisol, and insulin-like growth factor 1 (Bosco et al., 1999; Bosco et al., 2000; 
Cardinale et al., 2006; Cardinale et al., 2010; Erskine et al., 2007; Kvorning et al., 
2006). Other studies dealt with chronic effects on osteoarthritis (Rapp et al., 2009), 
osteoporosis and space flight (Rittweger et al., 2006; Wysocki et al., 2011), posture 
and stance (Runge et al., 2000; van Nes et al., 2004), improvements in gait and 
balance in Parkinson’s disease (Ebersbach et al., 2008), acute effects on muscle 
performance in persons with Multiple Sclerosis (Jackson et al., 2008), and all 
reported improvements of the clinical complaints respectively. Furthermore, it has 
been shown that WBV leads to acute responses in metabolic power. In this context, 
in two different studies Rittweger et al. (2000; 2001) reported increases in heart rate, 
blood pressure, lactate, and oxygen uptake due to WBV exposure. According to the 
authors, these outcome parameters are important to know, since they affect 
muscular fatigue during WBV training. Kerschan-Schindl and colleagues (2001) also 
indicated that WBV affects the cardiovascular system. They confirmed a significant 
increase in blood volume and in mean blood flow velocity in the lower legs and in the 
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popliteal artery, respectively. Therefore, they suggest that WBV does not have the 
negative effects on peripheral circulation known from occupational vibration 
exposure.  
 
1.2.2 Acute and chronic effects on the upper body 
In the current state of research there are only handful studies which investigate how 
WBV training affects neuromuscular performance or clinical aspects of the upper 
body. The review of that literature emphasises the main focus on outcomes 
according to low back pain (LBP). In this context, Rittweger et al. (2002) 
demonstrated in a randomised controlled trail that WBV training leads to comparable 
results as isometric lumbar extension exercise intervention on pain related disability 
and lumbar extension strength in patients with chronic LBP.  Another study confirmed 
the reduction of chronic LBP and concluded that WBV treatment also enhances the 
effect of Alendronate3 medication on lumbar bone mineral density and bone turnover 
in postmenopausal women with osteoporosis (Iwamoto et al., 2005). In addition, 
Fontana et al. (2005) pointed out that proprioception training is usually implemented 
in LBP rehabilitation protocols. In this study a single WBV intervention led to a 
statistically significant increase in lumbosacral proprioception4 of +39% in healthy 
young men. Although this study did not investigate the direct treatment of LBP, the 
results give evidence-based information on how WBV can positively affect LBP. 
However, the results of current literature of WBV effects on LBP are still controversial 
due to methodological limitations and contradictory clinically significant effect sizes 
(Perraton et al., 2011).  
Addressing neuromuscular performance of the lumbar muscles Osawa and Oguma 
(2013) compared increases in muscle strength of the back muscles and abdominal 
muscle endurance (sit-up repetitions) after 13 weeks of WBV training using a 
synchronous vibrating platform compared to conventional strength training. They 
reported a statistically significant increase in isometric lumbar extension strength of 
the back muscles of the WBV group (+51.5 ± 34.1%) compared to the conventional 
strength training group (+26.4 ± 17.5%). In addition, the data on abdominal muscle 
                                            
3
 Alendronate is a drug to treat osteoporosis in postmenopausal women (Iwamoto et al., 2005).  
4
 The relationship between lumbosacral proprioception and LBP is given in the literature (Brumagne et 
al., 2000; Brumagne et al., 2004). 
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endurance revealed that both groups had statistically significant increaes in the 
number of sit-ups performed with respect to time. However, the changes of 
abdominal muscle endurance were not statistically significant between intervention 
groups. 
Table 4: Study designs of WBV training interventions investigating acute and chronic effects on the 
upper body. 
Study N  Gender Platform  COP COE f (Hz) D (mm) Sessions 
Acute effects         
Fontana et al. (2005) 25 (14)  ♀ & ♂ s.a. No Yes 18 6 single 
Iwamoto et al. (2005) 50 (25) ♀ s.a. Yes No 20 10 single 
Marin et al. (2013) 16 (16)  ♀ & ♂ syn. No Yes 50 2.51 single  
Chronic effects         
Osawa & Oguma (2013) 33 (17) ♀ & ♂ syn. No Yes 35 2 2/week* 
Rittweger et al. (2002) 60 (30)  ♀ & ♂ s.a. No Yes 18 6 1-2/week° 
N = total case numbers of the study (case numbers of the vibration group), COP = passive control 
group without any treatment, COE = active control group performing traditional resistance training 
and/or exercises without vibration,  
s.a. = side alternating vibration device, syn. = synchronous vibration device, n.a. = not assigned.  
*for six weeks 
°2/week during the first three weeks, 1/week in the following nine weeks. 
 
The study by Marin et al. (2013) had the aim to determine whether WBV training has 
positive acute effects on kinematic variables of upper body elbow extensor exercise. 
Therefore, 16 physical active students completed three different experimental WBV 
conditions (exercise with WBV, exercise 30s after WBV, exercise without WBV) on 
separate days. In each condition the subjects performed one set of elbow extension 
exercise until fatigue. As a result, there was a statistically significant increase in 
mean velocity and mean acceleration throughout the set when WBV was applied 
simultaneously to the set of elbow extension exercise. No statistically significant 
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changes were observed in the other conditions. The most interesting factor in this 
scientific trial was that the WBV stimulus while standing in a low squat position 
affected the upper limb muscle performance of the elbow extensors. The authors 
explained this phenomenon as WBV-enhanced corticospinal excitability and altered 
intracortical processes that facilitate subsequent voluntary movements.  
In summary, there is still a lack of knowledge of the effects of WBV training on LBP 
treatment and neuromuscular performance of the upper body. In this context, current 
results and rationales should not be considered as evidence-based 
recommendations, and should be interpreted in the context of the design of the 
respective study. The main focus of WBV studies so far has been on acute and 
chronic effects on neuromuscular performance of the lower extremities and is 
reviewed in the next sections.  
 
1.2.3 Acute effects on neuromuscular performance of the lower extremities 
WBV studies focusing on effects after a single WBV training session show 
contradictory results in neuromuscular performance of the lower extremities. Bosco 
et al. (1999) tested female volleyball players with maximal dynamic leg press 
exercise before and after WBV treatment. One leg was randomly assigned to WBV 
exposure and the other to control condition without vibration. The authors showed 
statistically significant improvements in average force, average velocity, and average 
power in the WBV trained leg compared to the control leg. Furthermore,  Torvinen et 
al. (2002a) investigated the effects of four minute WBV training on neuromuscular 
performance (isometric strength and CMJ height), body balance, shuttle run, and 
tandem walk in young men. In this cross-over study the participants underwent both 
a WBV treatment on a side alternating platform device and a sham treatment in a 
randomised order on different days. Performance tests were conducted 10 min 
before, 2 and 60 min after WBV intervention. After 2 minutes subsequent to WBV 
intervention a statistically significant net benefit5 of +3.2% in isometric knee extension 
strength, a net increase of +2.5% in CMJ height, and a +15.7% improvement in body 
balance was reported, respectively. However, after 60 min the net benefits of these 
parameters diminished, and the other parameters of dynamic body balance (shuttle 
                                            
5
 Between-groups net differences for the relative change by time (Torvinen et al., 2002a). 
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run and tandem walk) showed no statistically significant changes (neither after 2 
minutes nor after 60 minutes subsequent to WBV intervention). Conversely, these 
results were not reproducible with the same subjects and identical methodological 
approach, while using a synchronous platform device (Torvinen et al., 2002c). 
Consequently, no statistically significant changes were observed throughout all 
outcome parameters. 
Table 5: Study designs of a single WBV training session investigating acute effects on muscle 
performance. 
Study N  Gender Platform  COP COE f (Hz) D (mm) Volume 
Bosco et al. (1999) 6 ♂ s.a. No Yes 26 10 10 x 60s 
Bullock et al. (2008) 8 ♀ & ♂ syn. Yes No 30 8 3 x 60s 
Colson et al. (2009) 10 ♀ & ♂ syn. No Yes 30 10 5 x 60s 
De Ruiter et al. (2003a) 12 ♀ & ♂ s.a. No No 30 8 5 x 60s 
Torvinen et al. (2002a) 16 ♀ & ♂ s.a. Yes No 15 – 30 10 4 x 60s 
Torvinen et al. (2002c) 16 ♀ & ♂ syn. Yes No 25 – 40 2 4 x 60s 
N = total case numbers of the study, COP = passive control group without any treatment, COE = 
active control group performing traditional resistance training and/or exercises without vibration, s.a. 
= side alternating vibration device, syn. = synchronous vibration device, n.a. = not assigned.  
 
These results are in line with further studies addressing short term effects of WBV on 
isometric knee extension strength. In this context, de Ruiter et al. (2003a) reported a 
statistically significant reduction of maximal isometric strength of -7% of baseline 
value after 1.5 minutes following WBV treatment and recovered within the next 180 
minutes.  In addition, the maximal rate of force rise of the knee extensors was not 
affected by WBV in this study. These findings were confirmed by Colson et al. 
(2009), who also described a decreased level of maximal isometric knee extension 
strength for both WBV group and a sham control group (statistically significant mean 
reduction of -6.6±2% for pooled subjects’ values) 60s following the respective 
intervention (WBV or sham). Finally, Bullock et al. (2008b) examined the effect of 3 
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minutes of WBV treatment on CMJ and squat jump height, and on maximal 30-m 
sprint in elite skeleton athletes. No statistically significant changes of the outcome 
parameters were detected between groups tested (WBV vs. no vibration). However, 
within the WBV group some aspects of maximal jumping and sprinting appeared to 
be influenced in a beneficial manner.  
In conclusion, it seems that WBV training of a single session predominantly causes 
no enhancements in neuromuscular performance of the lower extremities. It is 
possible that the applied vibration loads (vibration frequency, amplitude, and knee 
joint angle) and WBV exercise protocols (e.g. duration of vibration) do not have the 
sufficient magnitude to elicit the required effects (Bullock et al., 2008a; Cardinale and 
Wakeling, 2005). In addition, we have to consider that WBV exposure is a physical 
training and may lead to muscle fatigue, which may also be the reason for decreases 
in subsequent neuromuscular performance (Luo et al., 2005).  
 
1.2.4 Chronic effects on neuromuscular performance of the lower extremities 
The literature that examined the potential of WBV training over a longer intervention 
period seems to provide more positive outcomes according to increase force 
generating capacity in the lower limbs. Therefore, thigh muscle strength and power 
has been predominantly assessed in knee extension.  Statistically significant effects 
in increasing knee extension strength range between +5-6% (Jones et al., 2011; 
Rees et al., 2008; Schlumberger et al., 2001; Torvinen et al., 2002b) and +84-92% 
(Bautmans et al., 2005; Johnson et al., 2010). Improvements of knee extension 
power have been quantified from +8-9% (Delecluse et al., 2003; Rees et al., 2008) 
up to 90% (Bautmans et al., 2005).  
Most studies have explored how WBV training affects neuromuscular performance in 
younger adults. Torvinen et al. (2002b) reported an increase of knee extension 
strength of +3.7% after two month of WBV intervention. This benefit, however, 
diminished by the end of the fourth month of intervention, and no further effects were 
observed after eight months (Torvinen et al., 2003). Studies comparing WBV 
exercise groups to traditional resistance training groups came to the same results 
that both intervention methods lead to similar maximal strength improvements in the 
lower extremities. Schlumberger et al.  (2001) examined the effects of traditional 
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strength training versus WBV training. In this cross-over study, the participants 
trained one leg with back squats during WBV exposure and the other leg with 
traditional squats. After an intervention period of six weeks the results showed that 
both exercise methods led to comparable and statistically significant improvements of 
maximal knee extension strength (WBV: +6.5% vs. traditional training: 6.2%).  
Likewise, Delecluse et al. (2003) also compared WBV training with resistance 
training and revealed an isometric and dynamic knee extensor strength increase in 
both the WBV group (+16.6%, +9.0%) and the resistance training group (+14.4%, 
+7.0%), respectively, whereas the control groups6 showed no statistically significant 
changes after a period of twelve weeks. Rugby players exposed to WBV intervention 
also improved to the same level of maximal knee extension strength as team 
members who trained using squats with additional loads (+10% per group) (Berschin 
et al., 2003). In 2004, two studies were published reporting tremendous 
enhancements of maximal strength due to WBV training. A benefit of more than 
twenty-four percent in isometric knee extension strength was reported in a study 
conducted in untrained females (Roelants et al., 2004a). The gain in maximal 
strength was also comparable to the strength increase following standard fitness 
training and resistance training. In the other study, Ronnestad (2004) actually 
measured an increase of +32.4% in the WBV trained subjects, but this improvement 
was not statistically significant to the traditional squatting group (+24.2). These high 
levels of improvements could not be reproduced two years later by Kvorning et al. 
(2006). However, in this study with young men maximal strength still increased by 
+9.3% measured on an isometric leg press. Finally, Jones et al. (2011), based on  
their own results, pointed out that WBV as part of a strength program has no 
apparent benefit over conventional resistance training in professional female 
athletes. However, in conclusion, all of these studies suggest WBV training as an 
effective alternative training method to conventional resistance exercises for 
strengthening the leg muscles in younger adults. 
When examining current literature, it seems that neuromuscular performance of the 
lower extremities is consistently enhanced due to WBV in older adults with or without 
clinical complaints. However, there are only a relatively small number of studies 
reporting effective impacts of WBV intervention on muscle function in elderly people. 
                                            
6
 The authors assigned two control groups. A control group without any intervention and a placebo 
group performing the same exercises as the WBV group but without vibration (Delecluse et al., 2003). 
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Seventy postmenopausal women between 58 and 74 years of age participated in the 
study by Verschueren et al. (2004). After 24 weeks of the WBV training program, 
isometric knee extension strength resulted in a statistically significant +15.1% benefit, 
and isokinetic knee extension strength led to an increase of +16.47%. Roelants et al. 
(2004b) reported similar results in equal study conditions (similar subject 
characteristics, intervention period, and measurement settings) as Verschueren et al. 
(2004) with enhancements in isometric and isokinetic knee extension strength of 
+15.0% and 16.1%, respectively. Furthermore, the authors found that the speed of 
the knee extension movement only increased in the WBV group. A longer or even 
shorter WBV intervention period seems to have lower effects on neuromuscular 
strength performance in older men. After one year of WBV training isometric knee 
extension strength showed a +9.8% benefit (Bogaerts et al., 2007a), while after a 
period of eight weeks Rees et al. (2008) reported an improvement of +6.7% 
(isometric knee extension strength), and +7.9% (isometric knee extension power). In 
addition, the outcome measurements of Rees et al. (2008) also assessed isometric 
knee flexion strength parameters. A benefit of +9.7% and +8.5% of isometric knee 
flexion strength and power was reported, respectively. However, it seems that the 
best results of WBV training intervention were found in older adults with clinical 
complaints. In institutionalized older subjects (77.5±11.0 years) isokinetic knee 
extension strength, power, and explosive force improved by +92.2%, +90.5%, and 
+79.4%, respectively (Bautmans et al., 2005). In the same context, Johnson et al. 
(2010) implemented WBV training during physical therapy in individuals with total 
knee arthroplasty and found equal strength and mobility improvements compared to 
traditional progressive resistance exercises after four weeks. In the WBV group 
isometric knee extension strength of the operated knee improved from 105.9±57.4 to 
195.2±64.4 Nm (+84.3%), whereas the non-operated knee still improved from 
291.2±131.0 to 375.3±208.1 Nm (+28.7%). In this study, the WBV intervention also 
caused less stress in older men then weighted resistive exercise. 
In addition, countermovement jumps (CMJ) were assessed to examine muscle 
function and measure muscular performance and power of the legs.  In this context,  
previous studies show statistically significant improvements in jump heights between 
+3.3% (Paradisis and Zacharogiannis, 2007) and +10.9% (Bogaerts et al., 2007a). 
Bosco et al. (1998) were the first who examined WBV training in consideration of 
chronic effects on power development in human muscles. In this study, jump 
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parameters were measured during a single CMJ and continuous jumping for five 
seconds before and after ten weeks of the training period. However, these 
measurements showed contradictory results. While no statistically significant 
improvements of single CMJ height could be identified (+1.6%), the power output, 
mean jump height and height of the best jump in continuous jumping for five seconds 
showed statistically significant improvements with +6.1%, +12%, and +12%, 
respectively. The authors explained these contradictory observed findings by the 
different mechanical behaviours of the leg muscles during CMJ and continuous 
jumping. Some studies, already described above, also reported improvements in 
CMJ height in younger men. The results of these studies showed similar statistically 
significant magnitudes of CMJ height gains between +7.7% and +9.0% (Berschin et 
al., 2003; Delecluse et al., 2003; Ronnestad, 2004; Torvinen et al., 2002b; Torvinen 
et al., 2003). However, one study found a statistically significant but lower increase in 
CMJ height of +3.3% in sprint trained athletes (Paradisis and Zacharogiannis, 2007), 
and Kvorning et al. (2006) also reported a benefit of  only +4.3% due to WBV that 
was lower compared to conventional resistance training. Finally, only three studies 
focused on CMJ performance in older people. Therefore, Russo et al. (2003) 
investigated how WBV training twice weekly for six month increases muscle power in 
postmenopausal women. Muscle power was calculated from ground reaction forces 
measured during a CMJ. After the intervention period muscle power increased from 
178.9±9.6 Watt to 187.3±9.5 Watt (+4.7%) in the WBV group, but remained 
unchanged in controls. Although CMJ height was not reported, it could be computed 
from peak velocity v (pre: 163.7±6.2 ms-1, post: 171.7±5.3 ms-1, published by the 
authors) with h=v2/2g (g=9.81 ms-2). Thus, CMJ height enhanced by +10%. In the 
same context, Roelants et al. (2004b) confirmed a gain in CMJ outcome of +16% in 
jump height after 24 weeks of WBV training, while Bogaerts et al. (2007a) quantified 
a lower improvement in CMJ height (+10.9%). However, these latter research articles 
indicate that CMJ performance has more effect in older than in younger adults. 
In current literature, there are also some studies reporting less or even no chronic 
effects of WBV training on neuromuscular performance. De Ruiter et al. (2003b) 
concluded that WBV neither enhance knee extensor muscle strength nor improves 
CMJ height in healthy young subjects after eleven weeks. These results are in line 
with the reported data of Delecluse et al. (2005), who exposed sprint trained athletes 
to WBV training. After five weeks, isometric and dynamic knee extensor and knee 
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flexor strength, as well as CMJ performance, were unaffected. Furthermore no 
changes in sprint performance (duration of the start action, start velocity, start 
acceleration, and sprint running velocity) could be identified.  
Table 6: Study designs of WBV training interventions investigating chronic effects on muscle 
performance in younger adults. 
Study N  Gender Platform  COP COE f (Hz) D (mm) Period Sessions 
Berschin et al. (2003) 24 (12) ♂ s.a. No Yes 20 n.a. 6 weeks 3/week 
Bosco et al. (1998) 30 (15) n.a. s.a. Yes No 26 10 10 days 1/day 
Cochrane et al. (2004) 12 ♀ & ♂ s.a. Yes No 26 11 9 days 1/day 
de Ruiter et al. (2003) 20 (10) ♀ & ♂ s.a. Yes No 30 8 11 weeks 3/week 
Delecluse et al. (2003) 74 (20) ♀ syn. Yes Yes 35 - 40 2.5 - 5 12 weeks 3/week 
Delecluse et al. (2005) 20 (10) ♀ & ♂ syn. No Yes 35 – 40 3.4 - 5 5 weeks 3/week 
Jones et al. (2011) 9 (5) ♀ syn. No Yes 35 2- 4 9 weeks 2/week 
Kvorning et al. (2006) 28 (19) ♂ s.a. No Yes 20 – 25 n.a. 9 weeks 2-3/week 
Paradisis et al. (2007) 24 (12) ♀ & ♂ syn. Yes No 30 2.5 6 weeks 3/week 
Preatoni et al. (2011) 18 (6) ♀ syn. No Yes 25 – 40 4 8 weeks 2/week 
Roelants et al. (2004) 48 (18) ♀ syn. Yes Yes 35 – 40 2.5 – 5 24 weeks 3/week 
Ronnestad et al. (2004) 16 (7) ♂ syn. No Yes 40 n.a. 5 weeks 3/week 
Schlumberger et al. (2001) 7 ♀ & ♂ s.a. No Yes 25 6 6 weeks 3/week 
Torvinnen et al. (2002b) 56 (28) ♀ & ♂ syn. Yes No 25 – 40 2 4 month 3-5/week 
Torvinnen et al. (2003) 56 (27) ♀ & ♂ syn. Yes No 25 – 45 2 8 month 3-5/week 
N = total case numbers of the study (case numbers of the vibration group), COP = passive control group without 
any treatment, COE = active control group performing traditional resistance training and/or exercises without 
vibration,  
s.a. = side alternating vibration device, syn. = synchronous vibration device, n.a. = not assigned.  
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These results support the findings of another study in sprint trained students 
(Cochrane et al., 2004) resulting in no changes in CMJ height, squat jump height, 
sprint speed (over 5, 10, and 20 m), or agility. Preatoni et al. (2012) also suggest that 
WBV training cannot statistically significantly improve strength and power parameters 
(isometric and isokinetic knee extension strength, CMJ height) compared to 
conventional strength training in young female soccer and softball athletes. In this 
context, it is still discussed that improvements in neuromuscular performance cannot 
be transferred to subjects with well-trained sprinting capabilities (Rittweger, 2010). 
Table 7: Study designs of WBV training interventions investigating chronic effects on muscle 
performance in older adults. 
Study N  Gender Platform  COP COE f (Hz) D (mm) Period Sessions 
Bautmans et al. (2005) 24 (10) ♀ & ♂ syn. Yes No 30 – 50 2 – 5 6 weeks 3/week 
Bogaerts et al. (2007) 82 (25) ♀ & ♂ syn. Yes Yes 30 – 40 2.5 - 5 1 year 3/week 
Johnson et al. (2010) 16 (8) ♀ & ♂ syn. No Yes 35 2 and 5 4 weeks 3/week 
Rees et al. (2008) 30 (15)  ♀ & ♂ s.a. No Yes 26 5 - 8 8 weeks 3/week 
Roelants et al. (2004) 89 (24) ♀ syn. Yes Yes 35 – 40 2.5 - 5 24 weeks 3/week 
Russo et al. (2003) 29 (15) ♀ s.a. Yes No 12 – 28 n.a. 6 month 2/week 
Verschueren et al. (2004) 70 (25) ♀ syn. Yes Yes 35 – 40 1.7 – 2.5 24 weeks 3/week 
N = total case numbers of the study (case numbers of the vibration group), COP = passive control group without 
any treatment, COE = active control group performing traditional resistance training and/or exercises without 
vibration,  
s.a. = side alternating vibration device, syn. = synchronous vibration device, n.a. = not assigned.  
 
In conclusion, WBV seems to be a suitable training method and is as efficient as 
traditional resistance training to enhance strength parameters of the legs as well as 
countermovement jump performance in younger and older adults. As previously 
shown in young men, it is suggested that the gain in neuromuscular performance in 
older persons is mainly due to the vibration stimulus and not only to the unloaded 
exercises performed on the WBV platform (Bogaerts et al., 2007a; Roelants et al., 
2004b). 
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1.2.5 Limitations of the current state of research 
The discrepancies between previous study outcomes both in younger and older 
adults arose from the different training procedures used with regard to the exercise 
parameters (side alternating  vs. synchronous vibration platform type, duration of 
WBV, volume and type of WBV exercises) and the vibration load (VbL) determined 
by the implemented biomechanical variables (vibration frequency, vibration 
amplitude, and joint angle). The possible combinations of these biomechanical 
variables are too multifarious and could explain the different results of muscle 
strength and performance in current literature. In this context, several studies had 
different methodological approaches to evaluate the optimal VbL: a) training studies 
which assessed acute or chronic outcomes of a specific set of VbL and b) studies 
which investigated neuromuscular responses of different muscles during WBV 
stimulus using electromyography (EMG). 
Petit et al. (2010) showed that a frequency of 50 Hz combined with a peak-to-peak 
displacement of D = 4 mm (synchronous platform device) led to increased knee 
extensor muscle strength and CMJ performance in young men after a six-week 
period of WBV training. These findings were supported by Colson (2009), who used 
the same vibration load setting and platform device to evaluate acute effects of a 
single WBV session addressing the same target group. Other studies investigated 
neuromuscular responses of different thigh muscles during WBV stimulus using 
surface EMG. It has been reported that a vibration stimulus applied to the arm 
increased the neuromuscular activity during elbow flexion compared to the same 
exercise without vibration (Bosco et al., 1999a). Furthermore, Roelants et al. (2006) 
showed that WBV exposure increased leg muscle activity in three different squat 
exercises in different ways. Thereby, the muscle activity of the leg muscles varied 
between 12.6 and 82.4 % of maximal voluntary contraction (MVC) values.  Another 
study investigated the neuromuscular activity of the vastus lateralis muscle during 
WBV and reported that different frequencies led to different activation levels 
(Cardinale and Lim, 2003). Furthermore, Abercromby (2007a) compared the impact 
of different platform devices and demonstrated that the average EMG responses of 
the knee extensors were statistically significantly higher during vibration stimulus 
using a side alternating device than a synchronous device In a further study, Krol et 
al. (2011) investigated the interaction of different vibration frequencies and 
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amplitudes on the activity of thigh muscles (vastus medialis and lateralis muscles). 
They showed that the EMG magnitude increased both with increased frequency and 
amplitude.  
While these studies focused on effective vibration loads for WBV training of the lower 
extremities, there is less scientific research addressing the evaluation of optimal 
vibration loads for WBV training of the upper body. In this context, Wirth et al. (2011) 
showed statistically significant increases in EMG magnitude in abdominal and back 
muscles by adding WBV stimuli during different exercises (e.g. sit-ups) on a 
synchronous platform device. Thus, the level of muscular activity correlated with the 
exercise, respectively. Furthermore, Marin et al. (2013) examined the effects of using 
an unstable surface during WBV exercise with low amplitude on leg and trunk muscle 
activity. EMG activity was measured in four different conditions (stable surface 
without WBV, unstable surface without WBV, unstable surface with 30 Hz WBV, 
unstable surface with 50 Hz WBV) and normalised to the stable condition. While 
there was no effect on abdominal muscle activity in any condition, the results 
demonstrated a statistically significant increase in lower back muscle activity with 
both WBV conditions. The leg muscles showed higher EMG activity at 30 Hz than at 
50 Hz compared to the stable and unstable conditions without WBV.  
However, it should be pointed out that, to date, no study has examined the 
effectiveness of combinations of all three biomechanical variables (different vibration 
frequencies, amplitudes, and joint angles) on muscular activity. Furthermore, it is 
important to note that the focus of these research articles addressing WBV settings 
were exclusively on younger adults. Finally, the methodology of WBV training 
protocols (duration of WBV, volume and type of WBV exercises), plays an important 
role in eliciting enhancements of the WBV intervention outcome (Luo et al., 2005). 
However, in previously published WBV literature there are no studies examining and 
specifically evaluating effective WBV training protocols. 
 
Summary chapter 1.2 
In the revied field of literature it has been shown that WBV training elicits various 
acute and chronic biological and physiological effects in men. Different changes and 
alterations in hormonal responses in men have been reported as well as effects on 
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metabolic power according to heart rate, blood pressure, lactate, and oxygen uptake 
due to WBV exposure. Especially positive results have been achieved in individuals 
with clinical complaints (osteoarthritis, osteoporosis, Parkinson or Multiple sclerosis 
disease, total knee arthroplasty) when WBV training was implemented in physical 
interventions or in physical therapy after orthopaedic surgery. While WBV applied 
through the feet affects the upper body and decreases disorders in patients with LBP 
or even enhance muscular performance of the arms, there is still a deficit of 
information for effective but safe recommendations for WBV training protocols for 
trunk and neck muscles. The main centre of attention of WBV studies refers to 
neuromuscular effects according to muscle strength and performance of the lower 
extremities. In this context, different results have been published according to knee 
extensor strength and power as well as improvements in CMJ performance. Although 
the main interest was on young adults rather than on older subjects, it seems that 
WBV has a greater impact on the elderly. However, there are limitations in the 
current literature referring to the different applied training protocols and vibration 
loads that may led to discrepancies of the outcomes among the studies. Several 
studies had different approaches for evaluating the optimal vibration load, but 
research examining effective WBV training parameters (duration, volume and sets, 
type of WBV exercises) is still lacking.  
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1.3 Aims, hypotheses, and research questions of the thesis 
WBV is currently popular as a training and exercise modality, but current knowledge 
on optimal vibration loads (VbLs) and on effective exercise and training protocols is 
limited (Cardinale and Wakeling, 2005; Luo et al., 2005).  Furthermore, the main 
scientific interest has been on younger adults rather than on older subjects, and yet it 
seems that WBV has a greater impact on the elderly (see section 1.2.3 and section 
1.2.4). Nevertheless, there are only a small number of studies examining effects of 
WBV intervention on neuromuscular performance of the lower extremities in elderly 
people (see Table 7). Moreover, there are only two studies focusing on muscle 
function in older adults using side alternating WBV platform devices (Rees et al., 
2008; Russo et al., 2003). Furthermore, there is still a deficit of information for 
effective but safe recommendations for WBV training protocols for trunk and neck 
muscles in young and in older men. The effect of WBV stimulus on the upper body 
(see section 1.2.2) is not well established (Marin et al., 2013) and biomechanical 
markers to determine effective but safe WBV exercise protocols and VbL are still not 
available (Pel et al., 2009). 
Aims 
Therefore, to address the lack of high quality papers dealing with WBV training on a 
side alternating platform device, the aims of this thesis are: 
 To determine an optimal vibration load for effective exercise protocols for WBV 
intervention and training of different thigh muscles in older adults. 
 To evaluate an effective and feasible WBV training program for elderly people 
to enhance neuromuscular performance. 
 To provide basic recommendations for effective and safe WBV parameters for 
trunk and neck muscles.  
 
Hypotheses and research questions 
H
1
:  The biomechanical variables (vibration frequency and amplitude, knee angle) 
affect the level of neuromuscular activity of thigh muscles in older adults in different 
ways. 
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Thus, the research questions are: 
 To what extent are quadriceps femoris and hamstring muscles active during 
WBV? 
 How is the level of activation affected by the biomechanical variables? 
 
H
2
:  WBV training based on age-specific VbLs and exercise parameters increases 
jump height during a CMJ in older adults. 
H
3
:  WBV training based on age-specific VbL and exercise parameters enhances 
maximal isokinetic muscle strength, mean power and work for thigh muscles in older 
subjects. 
H
4
: WBV training based on age-specific VbL and exercise parameters is a feasible 
training program for elderly people. 
Corresponding to these hypotheses the research questions are: 
 To which extent is neuromuscular performance of the countermovement jump 
height and strength parameters increased after WBV intervention? 
 How is the level of ratings of perceived exertion of the WBV exercises affected 
according to the respective training parameters? 
 
H
5
:  The biomechanical variables (vibration frequency and amplitude, knee angle) 
affect the level of neuromuscular activity of trunk and neck muscles in younger adults 
in different ways. 
The respective research questions are: 
 To what extent are these muscles active during WBV exposure?  
 What are the differences between muscle activities with and without a 
vibration stimulus?  
 How is the level of activation affected by the biomechanical variables? 
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2 Scientific program – research papers 
The second part of this doctoral thesis provides cumulative research based on three 
research papers. These publications refer to different aspects of WBV training like 
VbLs and effects on neuromuscular performance described in the first part. Table 8 
includes an overview of the research papers and the author’s contribution to each of 
them. Each paper is enclosed as the original article7 accepted by the respective 
journal. 
 
Table 8: Research papers of the scientific program and author’s contribution. 
Authors Date Status Journal  Author’s Contribution 
Perchthaler D, 
Horstmann T, 
Grau S 
2013 Published Journal of Sports 
Science and 
Medicine 
 Development of the study design 
 Data acquisition and data analysis 
 Preparation of the manuscript 
Perchthaler D, 
Grau S, Hein T 
2014 Ahead of 
print 
Journal of Strength 
and Conditioning 
Research 
 Development of the study design 
 Data acquisition and data analysis 
 Preparation of the manuscript 
Perchthaler D, 
Hauser S, 
Heitkamp HC, 
Hein T, Grau S 
2015 Ahead of 
print 
Journal of Sports 
Science and 
Medicine 
 Development of the study design 
(in cooperation with co-authors) 
 Preparation of the manuscript (in 
cooperation with co-authors) 
 Reading and revision of the 
manuscript 
 
  
                                            
7
 Each research paper is provided as a word document. The numeration of the tables and figures are 
identical to the original articles. 
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2.1 Research paper 1: Vibration load settings and neuromuscular 
activity for the lower extremities 
Some studies evaluate the optimal vibration load (VbL) with different methodological 
approaches to the topic. Generally, most studies investigate neuromuscular 
responses of different muscles during WBV stimulus using surface EMG (see section 
1.2.5). Although the combination of the biomechanical variables (vibration 
frequencies, amplitudes, and knee angle) determines the VbL, previous studies have 
examined the effectiveness of combinations of only two out of three variables. 
Thus, the first study (S1) evaluated the optimal VbL determined by the combination 
of all three biomechanical variables in older adults using surface EMG. The major 
outcome was the VbL setting to achieve the highest neuromuscular activity of thigh 
muscles. 
The aim of S1 was to investigate the optimal vibration frequency, vibration amplitude, 
and knee angle to achieve the highest level of activity of the quadriceps and 
hamstring muscles.  
 
 
 
 
 
 
 
 
 
Perchthaler, D., Horstmann, T., & Grau, S. (2013). Variations in neuromuscular 
activity of thigh muscles during whole-body vibration in consideration of 
different biomechanical variables. J Sports Sci Med, 12 (3), 439-446. 
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Abstract 
The intention of this study was to systematically analyze the impact of biomechanical 
variables in terms of different vibration frequencies, amplitudes and knee angles on 
quadriceps femoris and hamstring activity during exposure to whole-body vibration 
(WBV). 51 healthy men and women (age 55 ± 8 years) voluntary participated in the 
study and were randomly allocated to five different vibration-frequency groups. Each 
subject performed 9 static squat positions (3 amplitudes x 3 knee angles) on a side 
alternating vibration platform. Surface electromyography (EMG) was used to record 
the neuromuscular activity of the quadriceps femoris and hamstring muscles. 
Maximal voluntary contractions (MVCs) were performed prior to the measurements to 
normalize the EMG signals. A three-way mixed ANOVA was performed to analyze 
the different effects of the biomechanical variables on muscle activity. Depending on 
the biomechanical variables, EMG muscle activity ranged between 18.2 and 74.1 % 
MVC in the quadriceps femoris and between 5.2 and 27.3 % MVC in the hamstrings 
during WBV. The highest levels of muscle activation were found at high frequencies 
and large amplitudes. Especially in the quadriceps femoris muscle, a WBV frequency 
of 30 Hz led to a significant increase in muscle activity compared to the other tested 
frequencies. However, it seems that knee angle is only relevant for the quadriceps 
femoris muscle. The results of this study should give more information for developing 
individual training protocols for WBV treatment in different practical applications. 
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Introduction 
In the last ten years, training on vibration plates has become a steadily increasing 
field of interest in sports science and research. The mechanical vibration stimulus 
applied to the muscles and tendons during vibration training leads to a 
neuromuscular response. This physiological mechanism has been named “tonic 
vibration reflex” (TVR), where muscle spindle reflexes facilitate the activation of Ia-
motoneurons, leading to muscle contractions (Hagbart and Eklund, 1966; Lance et 
al., 1973). Monosynaptic and polysynaptic pathways have been shown to mediate 
TVR (Desmedt and Godeaux, 1980; Luo et al., 2005).  
In fact, previous studies have shown that whole-body vibration (WBV) exercises have 
positive effects in increasing muscle strength and performance (Bosco et al., 1999b; 
Cardinale and Wakeling, 2005; Delecluse et al., 2003; Luo et al., 2005, Ruiter et al., 
2003), as well as improvements in jumping ability (Lamont et al, 2009).  Other studies 
reported metabolic and hormonal responses in men (Bosco et al, 2000; Kerschan-
Schindl et al., 2001; Kvorning et al., 2006; Rittweger et al., 2000 and 2002). 
However, there are some studies reporting no or less effects of WBV intervention 
(Cochrane et al., 2004; Colson et al., 2009; Schlumberger et al., 2001; Torvinen et 
al., 2002a and 2002b). Although it has been shown that WBV has the most effective 
impact on elderly people or individuals with clinical complaints (Bogaerts et al., 2009; 
Johnson et al., 2010; Rapp et al., 2009a and 2009b; Rittweger et al., 2006; 
Schuhfried and Mittermaier, 2005), there is still a lack of knowledge about effective 
training protocols for WBV exercise (Cardinale and Lim, 2003). Limitations of 
previous studies are different training procedures with regard to the exercise 
parameters (i.g. side alternating  or synchronous vibration platform type, duration of 
WBV, volume of WBV exercises) and the biomechanical variables (vibration 
frequency, vibration amplitude, and joint angle) determining the vibration load. 
Especially the possible combinations of these biomechanical variables are too 
multifarious and could explain the different results of muscle strength and 
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performance in previous studies. Therefore the previous study is focusing on the 
three biomechanical variables affecting the intensity of neuromuscular activation. 
In this context, several studies have investigated the responsiveness of different 
muscles in different exercises during vibration stimulus using electromyography 
(EMG). It has been reported that a vibration stimulus applied to the arm increased 
the neuromuscular activity during elbow flexion compared to the same exercise 
without vibration (Bosco et al., 1999a). Furthermore, Roelants et al. (2006) showed 
that WBV increased leg muscle activity in three different squat exercises. Thereby, 
the muscle activity of the leg muscles varied between 12.6 and 82.4 % of maximal 
voluntary contraction (MVC) values.  Another study investigated the neuromuscular 
activity of the vastus lateralis muscle during WBV and reported that different 
frequencies led to different activation levels (Cardinale and Lim, 2003). Variations in 
neuromuscular responses comparing different vibration platforms, contraction, and 
squatting types have also been reported (Abercromby et al., 2007). In a recent study, 
Krol et al. (2011) investigated the interaction of different vibration frequencies and 
amplitudes on the activity of the vastus medialis and lateralis muscles. They showed 
that the muscle activity increased both with increased frequency and amplitude. 
However, it should be pointed out that, to date, no study has examined the 
effectiveness of combinations of all three biomechanical variables (different vibration 
frequencies, amplitudes, and knee angles) on quadriceps femoris and hamstrings.  
Therefore, the aim of this study was to investigate the optimal frequency, amplitude, 
and knee angle to achieve the highest level of activity of the quadriceps and 
hamstring muscles. We hypothesized that the biomechanical variables, which 
determine the vibration stimulus, affect the level of neuromuscular activity in different 
dimensions. We first examined to what extent quadriceps femoris and hamstring 
muscles were active during WBV. In a second step we investigated how the level of 
activation was affected by the biomechanical variables. Both steps were important for 
determining the optimal vibration stimulus for effective exercise protocols for WBV 
intervention and training of different thigh muscles. 
 
 
Research paper 1: Vibration load settings and neuromuscular activity for the lower 
extremities 
 
43 
 
Methods 
Experimental Approach to the Problem 
To test the hypothesis put forward in the introduction, measurements of a 
randomised controlled trial were done to analyze the neuromuscular activity of the 
quadriceps femoris and hamstrings during WBV exposure. Surface EMG was used to 
record the signals from the rectus femoris, vastus medialis, vastus lateralis muscles, 
semitendinousus and biceps femoris muscles in different conditions of WBV. The 
neuromuscular activation levels of the quadriceps femoris and hamstrings were the 
dependent variables. The independent variables were vibration frequency (6 Hz, 12 
Hz, 18 Hz, 24, Hz and 30 Hz), three vibration peak amplitudes (1.3, 2.6 and 3.9 mm) 
and knee angles at 30°, 45° and 60°. To normalize EMG, muscle activation was 
recorded during isolated and isometric maximal voluntary contractions (MVC). EMG 
treatment procedure and data analysis were performed according to Merletti (1999). 
Subjects 
Fifty-one healthy and physically active men (n = 17) and women (n = 34) (age 55 ± 8 
years, height 1.69. ± 0.08 m, weight 69.4 ± 11.7 kg, BMI 23.7 ± 2.7 kg/m2) 
volunteered to participate in the present study. All subjects gave written informed 
consent to participate in the experiment. Reasons for exclusion were any history of 
recent injuries or fractures of the lower extremities, total knee or hip arthroplasty, or 
diseases related to gallstones and kidney stones. The study was approved by the 
Human Ethics Committee of the university according to the declaration of Helsinki. 
EMG Analyses 
The surface EMG (Noraxon Telemyo 2400T V2, Scottsdale, AZ) was recorded from 
the rectus femoris, vastus medialis, vastus lateralis, semitendinousus and biceps 
femoris muscles of the dominant leg. Bipolar surface electrodes (Ag/AgCL, 3M 
Health Care, St. Paul, MN) were applied over the muscle belly (interelectrode 
distance 25 mm) in accordance with SENIAM recommendations (Hermens et al., 
1999). A ground electrode was placed over the epicondyle of the tibia. The 
preamplified EMG signals were amplified (x1000), bandpass filtered at 10-500 Hz ± 
2% cut-off (Butterworth/Bessels), and sampled at 1,500 Hz. MyoResearch XP 
software (Noraxon, Scottsdale, AZ) was used to collect and store the data for 
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subsequent analysis. EMG cables were properly fixed to the skin with tape to prevent 
the cables from swinging and to avoid movement artifacts.  
Treatment Protocol 
The participants were randomized into five groups with different vibration frequencies 
(6 Hz, 12 Hz, 18 Hz, 24, Hz and 30 Hz), so that each subject was only exposed to a 
single frequency. After attaching the electrodes, an impedance test was performed. 
Maximal skin impedance from 1 to 5 kΩ was accepted for the experimental session. 
If the impedance level was verified, the test protocol started by performing isometric 
MVCs to record muscle activity (Burden, 2010). The MVCs were performed on the 
IsoMed 2000 (D&R Ferstl GmbH, Hernau) with isolated leg extension and flexion at 
knee angles of 30°, 45° and 60°.  
The participants were exposed to WBV using a side alternating vibration platform 
(Galileo Fitness, Novotec Medical GmbH, Pforzheim). Such a vibration device 
reciprocates vertical displacements on the left and right side of a fulcrum. So the 
amplitudes on a side alternating platform depend on the width of the foot position 
(Rittweger, 2010). Therefore muscle activity was recorded during 9 different static 
squat positions: three different foot positions each performed at knee angles of 30°, 
45° and 60°. Foot positions, which determine the amplitudes, were marked on the 
vibration platform: FP1 (vibration peak amplitude of 1.3 mm), FP2 (vibration peak 
amplitude of 2.6 mm) and FP3 (vibration peak amplitude of 3.9 mm). Subjects were 
asked to stand barefoot in the relevant squat position with the centre of the heel on 
the marker for the particular foot position while their hands were kept on their waist. 
Knee angles were simultaneous monitored and recorded with EMG signals using a 
flexible axis goniometer (Noraxon 2D-Goniometer, Scottsdale, AZ) connected to the 
EMG device. The goniometer was properly fixed to the skin with tape on the lateral 
line of the tibiofemural joint of the dominant leg with its center placed over the joint 
space. Zero offset calibration was performed at a knee angle of 0° additionally 
controlled with a manual orthopedic goniometer. During all test positions, a straight 
back and an upright body were required. Posture was permanently monitored visually 
during all conditions. Before starting the measurements, participants were able to 
familiarize themselves with the selected vibration stimulus during a warm-up period. 
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The EMG signals were recorded once the subjects had taken up the correct position 
on the vibration platform. In the first 6-8 seconds, muscle activity was recorded 
without WBV stimulus. Then WBV was applied at the frequency the participant was 
randomized to and EMG was recorded for the next 15 seconds. Each of the nine test 
positions were measured once only in a single session at the frequency the 
participant was randomized to. To unload the muscles, subjects paused for 60 
seconds and sat on a chair before the next measurement started.  
Data Analyses 
The EMG raw signals were rectified and smoothed. Root mean square calculation 
(rms) was applied as a digital smoothing algorithm in a defined time window (300 
ms). Then the EMGrms signals were MVC-normalized according to the isolated MVCs 
done prior to the WBV trials. Subsequently, muscle activity during WBV exposure 
was expressed as a percentage of the muscle activity during the measured MVC 
(100 %). Muscle activity of the rectus femoris, vastus lateralis, and medialis muscles 
was expressed relative to muscle activity during maximal isometric leg extension. 
Muscle activity of the biceps femoris and semitendinousus muscles was expressed 
relative to muscle activity during maximal isometric leg flexion. In each case, maximal 
leg extension and flexion were performed at knee angles of 30, 45 and 90° which 
correspond to the WBV squat conditions. The mean EMG%MVC value was calculated 
over a period of 5 seconds. Activity of the quadriceps femoris was calculated as the 
average responses of the rectus femoris, vastus lateralis, and vastus medialis 
muscles, whereas the activity of the hamstrings was calculated as the average of the 
semitendinousus and biceps femoris muscles. Data were reported as mean ± SE. 
Statistical Analysis 
Statistical analyses were performed using the statistical software package SPSS, 
Version 20 (IBM, Armonk, NY). To analyze differences in EMG%MVC, a three-way 
mixed ANOVA with repeated measures independent variables (3 [amplitudes] × 3 
[knee angle]) and between-group independent variables (5 [frequency group]) was 
performed (Field, 2009). After significant F values were found, a Tukey-Kramer HSD 
post hoc test for between-group comparison followed and contrast analyses were 
used for further comparisons within frequency groups. A Bonferroni correction was 
used to adjust the p value related to the number of conditions that were performed. 
Significance level was set at p ≤ 0.05. 
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Results 
Quadriceps femoris 
Addressing our first research question, the muscle activity of the quadriceps femoris 
varied between 18.2 and 74.1% MVC, whereby the highest level was found at a 
frequency of 30 Hz combined with vibration peak amplitude of 3.9 mm and a knee 
angle of 60°. Regarding our second research question, we found that the 
biomechanical variables had different effects on the muscle activity of the quadriceps 
femoris (see figure 1 and table 1). Our results show there was a significant main 
effect of ‘frequency group’ (F (4, 46) = 3.75, p<0.01). The magnitude of EMG%MVC 
was consistently higher at a frequency of 30 Hz compared to the lower frequencies 
tested. Post hoc tests clarified statistically significant differences between the group 
at 30 Hz and that at 6 Hz (p < 0.01) and between 30 Hz and 12 Hz (p < 0.05). No 
significant differences (p > 0.05) were found between any of the other frequency 
groups.  
We also found a significant main effect of the amplitudes tested (F (1.3, 60.9) = 59.7, 
p<0.01). Contrast analyses showed significant (p<0.001) differences in EMG%MVC 
level between each amplitude tested. In addition, the main effect of ‘knee angle’ (F 
(1.6, 71.6) = 120.1, p<0.001) was also significant. Here, the differences in muscle 
activity level were significant between all three knee angles tested. Differences in the 
effect of amplitude among frequency groups were found as the ‘amplitude x 
frequency group’ interaction effect, which was found to be significant (F (15.3, 60.9) = 
3.6, p<0.01). The amplitude effect between 1.3 mm and 2.6 mm and between 1.3 
mm and 3.9 mm was significantly different (p<0.001) , but no significant difference (p 
> 0.05) was found between 2.6 mm and 3.9 mm. There was also a significant 
interaction effect between amplitudes and knee angles (F (2.8, 130.9) = 7.5, 
p<0.001). Contrast analyses showed significant differences in EMG%MVC level 
between knee angles of 30° and 60° (p<0.001) and between knee angles of 30° and 
45° (p<0.05) for each amplitude (see Figure 1c). However, neither a significant ‘knee 
angle x frequency group’ interaction effect (F (6.6, 71.6) = 0.7, p>0.05), nor a 
significant interaction between knee angles, amplitudes, and frequency groups (F 
(11.4, 130.9) = 0.4, p>0.05) was found. This indicates that some combinations of the 
biomechanical variables have similar effects on muscle activity (see Figure 1a and 
d). 
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There were no statistical gender-specific differences concerning the main effects and 
the interaction effects. 
 
Figure 1: Mean ± SE EMG% MVC  values of the quadriceps femoris for ‘knee angle x frequency 
group’ interaction effect (a), ‘amplitude x frequency group’ interaction effect (b), ‘amplitude x knee 
angle’ interaction effect (c) and mean EMG% MVC values regarding all biomechanical variables (d).  
*Significant differences in muscle activity (p < 0.05). 
-O- 
Significant differences in main effect of ‘knee 
angle’ (p < 0.05). 
O 
Significant differences in main effect of ‘amplitude (p < 0.05). 
 
Hamstrings 
Addressing our first research question, normalized EMG activity of the hamstrings 
ranged between 5.2 and 27.3 % MVC. The highest activation level was detected in 
the 30 Hz-group with vibration peak amplitude of 3.9 mm and a knee angle of 30° 
(see figure 2 and table 1). Regarding our second research question, we found that 
the biomechanical variables had different effects on the muscle activity of the 
hamstrings. Statistical analyses confirmed these observations as follows: a 
significant ‘frequency group’ effect was found (F (4, 46) = 2.64, p<0.05).The 
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magnitude of EMG%MVC was consistently higher at a frequency of 30 Hz compared to 
the lower frequencies tested. Post hoc tests showed a statistically significant 
difference between the 30 Hz and 6 Hz groups (p < 0.05). No significant differences 
(p > 0.05) were found between any of the other frequency groups. We can also report 
a significant main effect of ‘amplitude’ (F (2, 92) = 42.2, p<0.001). Contrast analyses 
showed significant (p<0.001) differences in EMG%MVC levels between all three 
amplitudes tested. However, the muscle activity level remained similar when the 
knee angles changed and there was no statistically significant effect of the knee 
angles tested (F (1.4, 62.4) = 3.5, p>0.05). Furthermore, the muscle activity level 
within the frequency groups was not affected differently by the amplitudes and no 
significant ‘amplitude x frequency group’ interaction was found (F (8, 92) = 1.5, 
p>0.05). However, differences in the effect of knee angle among the amplitudes were 
found as the ‘amplitude x knee angle’ interaction effect and was significant (F (2.6, 
118.2) = 5.7, p<0.05). Contrast analyses showed significant differences in EMG%MVC 
levels between all knee angles tested within each amplitude (p<0.01). In addition, 
there was no significant interaction between knee angles and frequency groups (F 
(5.4, 62.4) = 0.8, p>0.05) or any significant interaction of ‘knee angle x amplitude x 
frequency group’ (F (10.3, 118.2) = 1.3, p>0.05). This indicates that some 
combinations of the biomechanical variables had similar effects on muscle activity 
(see Figure 2 a and d). 
There were no statistical gender-specific differences concerning the main effects and 
the interaction effects. 
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Figure 2: Mean ± SE EMG% MVC  values of the hamstrings for ‘knee angle x frequency group’ 
interaction effect (a), ‘amplitude x frequency group’ interaction effect (b), ‘amplitude x knee angle’ 
interaction effect (c) and mean EMG% MVC values regarding all biomechanical variables (d). 
*Significant differences in muscle activity (p < 0.05). 
O 
Significant differences in main effect of 
‘amplitude (p < 0.05). 
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Table 1: Muscle activity of the quadriceps femoris (mean value of rectus femoris, vastus lateralis, and 
medialis) and hamstrings (mean value of biceps femoris and semitendinosus) with vibration peak 
amplitude of 1.3 mm, 2.6 mm and 3.9 mm at different knee angles (30°, 45° and 60°) according to 
different frequency groups.  Values are presented as a percentage of muscle activity during an 
isolated MVC (100%). Values are mean (± SE).  
 
 
 
Discussion 
This is the first study examining how different combinations of biomechanical 
variables (vibration frequencies, vibration amplitudes, and knee angles) impact 
quadriceps femoris and hamstring muscle activity during WBV exposure. The results 
of the present study show that these variables affect these muscles in different ways 
when exposed to vibration stimulus from a side alternating platform, thus confirming 
our hypothesis. In answer to our first question, we found that the muscle activity of 
the quadriceps femoris varied between 18.2 ± 2.1 and 74.1 ± 8.0 % MVC and was 
higher than the variation in the hamstrings, which was between 5.2 ± 0.7 and 27.3 ± 
5.1 % MVC.  
Vibration frequency is an important factor influencing muscle activity during vibration 
stimulus (Martin and Park, 1997). It is assumed that vibration leads to a higher 
stimulation of the mechanoreceptors of the relevant muscle, which in turn leads to 
increased tonicity. Subsequently, synchronized discharges of motor units lead to 
      1.3 mm   2.6 mm   3.9 mm  
     30° 45° 60° 30° 45° 60° 30° 45° 60° 
6 Hz n = 10  Quadriceps  18.2 ± 2.1 33.0 ± 4.7 44.4 ± 6.5 19.9 ± 3.3 32.9 ± 5.2 42.9 ± 6.7 24.8 ± 4.3 34.5 ± 4.5 45.5 ± 6.5 
  (4 ♂, 6 ♀) Hamstring  7.9 ± 2.3 5.2 ± 0.7 6.8 ± 1.0 10.3 ± 2.3 7.4 ± 1.3 7.2 ± 1.1 11.3 ± 2.1 9.4 ± 1.8 8.4 ± 1.6 
12 Hz n = 10  Quadriceps              19.2 ± 2.7 33.1 ± 4.0 44.0 ± 4.5 22.4 ± 2.7 35.2 ± 4.4 44.3 ± 4.0 29.5 ± 4.0 40.2 ± 5.6 45.2 ± 4.0 
  (3 ♂, 7 ♀) Hamstring  5.9 ± 1.2 6.3 ± 1.3 8.6 ± 1.6 9.0 ± 1.5 8.0 ± 1.5 15.9 ± 6.5 15.6 ± 2.3 13.2 ± 2.6 11.4 ± 1.9 
18 Hz n = 10  Quadriceps  19.0 ± 2.8 32.2 ± 4.2 42.2 ± 5.3 24.3 ± 3.8 38.0 ± 5.5 46.5 ± 5.7 36.5 ± 6.0 43.7 ± 5.3 51.6 ± 6.2 
  (3 ♂, 7 ♀) Hamstring  5.8 ± 0.9 6.9 ± 1.3 8.9 ± 1.3 8.5 ± 2.1 8.3 ± 1.5 9.9 ± 1.6 18.9 ± 5.1 10.5 ± 1.6 12.4 ± 2.1 
24 Hz n = 10  Quadriceps  20.4 ± 2.1 37.1 ± 3.3 50.4 ± 4.6 25.0 ± 3.7 42.0 ± 4.5 57.1 ± 6.2 36.6 ± 5.5 51.1 ± 6.7 62.6 ± 6.9 
  (3 ♂, 7 ♀) Hamstring  7.9 ± 1.7 8.8 ± 1.4 11.2 ± 2.0 13.1 ± 2.1 11.0 ± 1.4 13.1 ± 1.7 18.2 ± 3.0 17.2 ± 2.2 18.3 ± 3.1 
30 Hz n = 11  Quadriceps  28.2 ± 1.9 46.7 ± 3.4 60.2 ± 6.5 37.9 ± 4.1 55.0 ± 4.8 68.5 ± 7.1 50.3 ± 6.7 61.6 ± 7.5 74.1 ± 8.0 
  (4 ♂, 7 ♀) Hamstring  12.1 ± 2.3 11.8 ± 3.1 12.8 ± 3.3 20.6 ± 3.3 17.2 ± 4.0 17.3 ± 5.2 27.3 ± 5.1 19.3 ± 5.0 19.0 ± 6.1 
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higher contraction forces in the muscle (Weber, 1997). In this context, Nigg (2010) 
reported a muscle tuning hypothesis in runners, in which impact forces are an input 
signal characterized by frequency and amplitude. This paradigm may also be 
transferred to WBV: vibration signals are sensed and the central nervous system 
responds by tuning the activation of the corresponding muscles to minimize soft 
tissue vibration and injuries. The greatest effects of muscle tuning are achieved when 
the input frequency and the natural frequency of the soft tissue are similar. The 
results of the present study support the results of an earlier study (Cardinale and Lim, 
2003) and suggest that a frequency of 30 Hz in specified squat positions results in 
the highest EMG responses, especially in leg extensor muscles. Frequency ranges 
above or below 30 Hz showed less EMG activity values in both studies. Nigg (2010) 
also reported that the effects of muscle tuning are subject-specific depending on the 
characteristics of every single soft tissue compartment. This could also explain the 
SE values in the present study, even though movement artifacts in the EMG signal 
caused by vibration frequency could be removed (Ritzmann et al., 2010).  
Another factor clarified in the present study is the impact of vibration amplitude on 
neuromuscular activity. Although this factor hardly plays a role in hamstring muscle 
activity, the vibration amplitude has an important effect on the quadriceps femoris. 
Here, the EMG%MVC increased with higher amplitudes. When vibration amplitude was 
increased by changing the foot position, a statistically equivalent EMG%MVC value was 
measured at a decreased knee angle. Both findings are in accordance with the 
results of Krol (2011), who also reported similar effects of vibration amplitude on 
muscle activity.  
The results of the present study support findings on knee angles reported in previous 
studies. It has been reported that muscle length and preactivation are two main 
factors mediating WBV effect (Hopkins et al., 2009; Mester et al., 1999). Reducing 
muscle length or increasing preactivation led to better effects due to vibration 
exposure (Rohmert et al., 1989). The significant increase in quadriceps femoris 
activity by increasing the knee angle in the present study may be explained by these 
previous findings. On the other hand, we were able to show a lower hamstring 
muscle EMG%MVC, which was possibly caused by a lower preactivation level of these 
muscles.  Noticeably, another aspect of lower hamstring muscle activity was the 
distance between the muscle and the vibration platform. Muscles closer to the 
Research paper 1: Vibration load settings and neuromuscular activity for the lower 
extremities 
 
52 
 
vibration inducing system were more receptive to vibration stimulus (Nigg, 2010; 
Roelants et al., 2006). 
Roelants et al. (2006) investigated leg muscle activity during different squat exercises 
with subjects standing on a synchronous vibrating platform at 35 Hz and a peak 
amplitude of 2.5 mm. They reported EMG%MVC activity between 33.0 ± 3.9 and 58.8 ± 
7.9 % MVC for rectus femoris, vastus lateralis, and medialis muscles for low squats, 
which was higher than for high squats. These activation levels are clearly different 
compared to the muscle activity of the quadriceps femoris of 68.5 ± 7.1 % MVC in 
nearly the same conditions in the present study. This difference may be caused by 
small differences in the study design with regard to vibration frequency (35 Hz vs. 30 
Hz), vibration peak amplitude (2.5 mm vs. 2.6 mm), knee angle (55° vs. 60°), and 
vibration platform type (synchronous vs. side alternating). Nevertheless, both studies 
showed an increase in muscle activity (EMG%MVC) during WBV while increasing the 
knee angle. Another EMG study (Cardinale and Lim, 2003) reported an increase of 
+34% (EMGrms) in vastus lateralis activity on a synchrounus platform at a frequency 
of 30 Hz with peak amplitude of 5 mm. The present study also confirms the effect of 
this frequency range combined with large vibration amplitude of 3.9 mm. 
Several studies using similar vibration settings in their WBV treatment protocols as in 
the present study reported improvement in neuromuscular performance and muscle 
strength (side alternating platforms: Bosco et al., 1999b; Ruiter et al., 2003; 
synchronous platforms: Delecluse et al., 2003; Luo et al., 2005). Each study 
implemented a study design with vibration frequencies of 25 Hz and beyond, as well 
as vibration peak amplitudes between 4 mm and 5 mm. Similar treatment protocols 
have also been used in WBV studies on injured subjects or individuals with clinical 
complaints (Issurin and Tenenbaum, 1999; Rapp et al., 2009a). The vibration 
frequencies also ranged between 24 Hz and 35 Hz, the peak amplitude between 2 
mm and 5 mm, and knee angles from 45° to 60°. This led to improvements in muscle 
strength or performance and stability in the knee joint. 
To date, the mentioned frequency levels have been tolerated in elderly people as 
well as injured subjects (Bogaerts, 2009). Individuals with total knee arthroplasty 
using WBV during physical therapy showed an outstanding tolerance with respect to 
a vibration frequency of 35 Hz (Johnson et al., 2010). Rapp has also reported that 
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subjects with gonarthrosis were able to achieve equal improvements in muscle 
strength with WBV training sessions with 30 Hz over a shorter period of time 
compared to traditional resistance training sessions (Rapp et al, 2009b).  
In conclusion, this study investigated the interaction of the WBV determining 
biomechanical variables with regard to levels of quadriceps femoris and hamstring 
activation. First, we found that combining vibration frequency, amplitude, and knee 
angle in different ways led to a different range of EMG%MVC. A frequency of 30 Hz 
proved to be the most effective vibration stimulus, whereas the quadriceps femoris 
was particularly stimulated in combination with increased vibration amplitudes and 
knee angles. This study also indicates equal EMG%MVC values for this muscle group 
within the same frequency range when vibration amplitude is increased and knee 
angle decreased, concurrently. Second, EMG%MVC in hamstring muscles were much 
lower than in the quadriceps femoris muscle. The reported data is relevant to 
determine the load that vibration imposes on the neuromuscular system. However, 
further studies are needed to clarify the impact of the biomechanical variables on 
other muscle groups (i.g. lower leg and foot muscles or trunk and lower back 
muscles). 
 
Conclusion 
WBV exercises have been shown to have a positive influence on gaining muscle 
strength and performance (Lamont et al., 2009). Nevertheless, there is still a lack of 
knowledge about effective training protocols and procedures to describe an 
evidence-based vibration exercise program. The current study is the first step toward 
detecting the best parameters for combining biomechanical variables to produce the 
ideal vibration stimulus on a side alternating platform. Currently, a maximized 
vibration load can be achieved at a frequency of 30 Hz with amplitude of ca. 4 mm 
during a knee angle of 60°.  
The current study has given us a better understanding of the effectiveness of 
different vibration loads for WBV. So the results will help physical therapists, 
coaches, and athletes in diverse sectors to activate the quadriceps femoris and 
hamstrings most effectively during a WBV session. Yet the effect of WBV on strength 
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and power development depends on both the biomechanical variables (determining 
the vibration load) and the exercise protocols. Therefore, based on our findings, 
further studies are still needed to create and evaluate effective vibration training 
procedures and protocols for the lower extremities. Furthermore, additional studies 
are still needed to get better insight into the potential of biomechanical variables on 
other muscle groups and/or training goals. 
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Key points 
 WBV leads to a higher muscle activity of the quadriceps femoris than of the 
hamstrings. 
 The maximum levels of muscle activity were significantly reached at high 
amplitude and high frequency. 
 The knee angle only significantly affects the quadriceps femoris. 
 Certain combinations of the biomechanical variables have similar effects on 
the level of muscle activity. 
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2.2 Research paper 2: Efficiency and feasiability of a six-week whole-
body vibration intervention 
Due to the diversity of the assessed exercise protocols, information about optimal 
WBV training protocols (duration, volume and sets, type of WBV exercises) remains 
still unclear (Luo et al., 2005). However, the best improvements in neuromuscular 
performance of the lower extremities have been reported in older adults (see section 
1.2.3 and section 1.2.4). 
In this context, study 2 (S2) represents a randomised controlled trial to evaluate the 
results of research paper 1 (Perchthaler et al., 2013) implemented in a WBV training 
protocol to improve neuromuscular strength parameters of the legs in elderly people. 
For that reason, the aim of study 2 was to assess the effect of a six-week WBV 
intervention with a side alternating platform on knee extension, and flexion strength 
parameters, and performance, as well as the ratings of perceived exertion.  
 
 
 
 
 
 
 
 
 
 
 
Perchthaler, D., Grau, S., & Hein, T. (2014). Evaluation of a six-week whole-body 
vibration intervention on neuromuscular performance in older adults. J 
Strength Cond Res (published ahead-of-print). 
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Abstract 
Research in the field of whole-body vibration (WBV) for the enhancement of 
neuromuscular performance is becoming increasingly popular. However, additional 
understanding of optimal WBV training protocols is still necessary to develop optimal 
and effective training and prevention concepts, especially for elderly people. The 
intention of this study was to evaluate a six-week WBV intervention program based 
on optimal vibration loads adapted from the literature on lower limb strength 
parameters and performance, as well as on perceived exertion according to a 
subjective rating. A total of 21 older adults were allocated randomly into either a WBV 
training or control group. Before and after the intervention period, jump height was 
measured during a countermovement jump. In addition, isolated isokinetic maximal 
knee extension and flexion strength, mean power and work were recorded using a 
motor-driven dynamometer. The Borg scale for ratings of perceived exertion (RPE 
scale) was used to evaluate the intensity of WBV exercises within each training 
session. After the intervention period, jump height increased by 18.55% (p < 0.001) in 
the WBV group, whereas values of the control group remained unchanged. There 
were no statistically significant differences in isokinetic maximal strength, mean 
power, or work values in knee extension or flexion (all p > 0.05). Finally, the 
subjective perceived exertion of the WBV exercises and respective training 
parameters ranged between moderate rating levels of 7 and 13 of the Borg scale. 
Our data show that WBV is a feasible and safe training program for elderly people to 
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increase multi-joint strength performance of the lower limbs during a 
countermovement jump. This could help to determine the potential of WBV programs 
in training of the elderly to prevent age-related reduction of neuromuscular 
performance. 
Key words: vibration training, vibration load, counter movement jump, muscle 
strength, rate of perceived exertion 
 
Introduction 
Age-related reduction of muscle strength, power, and performance has a strong 
impact on physical function in older adults (16, 18). The retention of these functions 
is especially important for activities of daily living, such as walking, climbing stairs, or 
rising from a chair (19, 22). It has been shown that resistance training can counteract 
strength loss associated with aging (12). However, increasing muscle strength and 
muscle mass depends on high mechanical loads between 70% and 90% of the 
maximum strength capability (17). However, the feasibility of such high intensive 
exercise programs is not appropriate for elderly persons, and thus compliance with 
traditional exercise programs has been generally low (31). 
Whole-Body Vibration (WBV) is a new method for strength exercise and has become 
an alternative to conventional resistance training workouts. Training on vibration 
plates has become a steadily increasing field of interest in sports science and 
research. The mechanical vibration stimulus applied to the muscles and tendons 
during vibration training is characterized by cyclic transition between eccentric and 
concentric muscle contractions and leads to a neuromuscular response. Thus, WBV 
exercise acutely enhances the pattern of the neuromuscular system due to the 
physiological mechanism named “tonic vibration reflex” (TVR), where muscle spindle 
reflexes facilitate the activation of Ia-motoneurons, leading to muscle contractions 
(20, 28). Monosynaptic and polysynaptic pathways have been shown to mediate TVR 
(15, 30). Chronic adaptations and training effects are deployed by this physiological 
mechanism via muscle spindles and fast adapting mechanoreceptors and can result 
in improved neuromuscular performances (37). In fact, previous studies have shown 
that WBV exercises increase muscle strength and performance, and improve 
jumping ability in younger adults (9, 13, 14, 30). However, there are only a small 
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number of studies reporting effective impacts of WBV intervention on muscle function 
in elderly people (2, 23, 38, 45). Moreover, there are only two studies focusing on 
muscle function in older adults using side-alternating devices. Rees (36) investigated 
the effect of WBV exercise on lower extremity muscle strength and power and 
reported improvements in ankle plantar flexion strength and power. In addition, 
Russo (41) showed that a WBV intervention over six months led to increased muscle 
power measured during a countermovement jump (CMJ). Russo, however, gives no 
information about effects on CMJ jump height. Outcome data of a CMJ provides 
essential information about the natural muscle function during a stretch-shortening 
cycle (SSC). This type of muscle function is important and efficient in daily life (38), 
and in human motion like walking and running (25). 
In the current literature, there are some studies reporting no, or less effects of WBV 
intervention (10, 11, 44). These discrepancies between previous study outcomes in 
younger and older men arose from the different training procedures used with regard 
to the exercise parameters (side-alternating or synchronous vibration platform 
device, training period, number of sessions, duration of WBV, and volume of WBV 
exercises) and the vibration load determined by vibration frequency, vibration 
amplitude, and joint angle. In this context, several studies had different approaches 
to evaluate the optimal vibration load.  
Petit (35) showed that a frequency of 50 Hz combined with an amplitude of 4 mm led 
to increased knee extensor muscle strength and jump performance in young men 
after a six-week period of WBV intervention on a synchronous platform. These 
findings were supported by Colson (11), who used the same vibration load setting 
and platform device to evaluate acute effects of a single WBV session addressing the 
same target group. Other studies investigated neuromuscular responses of different 
thigh muscles during WBV stimulus using electromyography (EMG). It has been 
shown that the highest muscle activities were reached at high vibration amplitudes 
and frequencies (8, 27), and at deep squat positions with a more acute knee angle 
(39) using synchronous WBV devices. Furthermore, Abercromby (1) compared the 
impact of different platform types and reported that the average EMG responses of 
the knee extensors were significantly higher during vibration stimulus using a side-
alternating device rather than a synchronous device. However, it is important to note 
that the focus of these research articles addressing WBV settings were on younger 
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adults. Therefore, a recent study conducted in our laboratory investigated the optimal 
vibration load for knee extensors and flexors for WBV training on a side-alternating 
platform in older adults. We showed that the highest muscle activity was reached at a 
high frequency (30 Hz) and high amplitude (3.9 mm) combined with a knee angle of 
60° (1, 34). Although the number of WBV studies is steadily increasing, there is still a 
lack of knowledge about effective training protocols for WBV exercise (8). 
Furthermore, there is still no study evaluating WBV exercise parameters determined 
using individual ratings of perceived exertion. Thus, there are still no clear optimal 
recommendations for effective WBV training programs. 
For that reason, the aim of this study was to evaluate the effect of a treatment 
protocol for older adults using a six-week WBV intervention with a side-alternating 
platform on CMJ performance, knee extension, and flexion strength parameters, as 
well as the ratings of perceived exertion. We hypothesized that WBV training based 
on age-specific vibration load and exercise parameters would (i) increase jump 
height during a CMJ, (ii) enhance maximal isokinetic muscle strength, mean power 
and work for knee extension and flexion, and (iii) would be a feasible training 
program for elderly people. We first examined the extent to which neuromuscular 
performance of the countermovement jump height and strength parameters were 
increased after WBV intervention. In a second step we investigated the level of 
ratings of perceived exertion of the WBV exercises and respective training 
parameters. Both steps were important to determine effective and feasible WBV 
training programs for elderly people to prevent age-related reduction of 
neuromuscular performance. 
 
Methods 
Experimental Approach to the Problem 
To test the hypotheses put forward in the introduction, measurements of a 
randomized controlled trial were used to analyze characteristics of CMJ performance, 
as well as maximal isokinetic muscle strength parameters at baseline and after six 
weeks for the training and the control group. Jump height was measured during a 
CMJ performed on a force plate, whereas maximal isokinetic muscle strength, mean 
power and work were measured on an isokinetic dynamometer. Jump height and 
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isokinetic dynamometry parameters were the dependent variables, and time (pretest 
and posttest) and treatment group (WBV and control group) were the independent 
variables. Additionally, the subjects of the WBV group rated their perceived exertion 
for every exercise within each training session using Borg’s scale to evaluate the 
intensity of the WBV protocol. 
Subjects 
A priori power analysis revealed that a sample size of 6 subjects in each group was 
necessary to achieve a power of 0.95 with alpha = 0.05 based on literature reporting 
strength improvements and CMJ performance in older adults using side-alternating 
WBV devices (36, 41). Given the problem of inevitable dropouts we decided to select 
13 subjects in each group. As shown in Figure 1, twenty-seven healthy and 
physically active older adults volunteered to participate in the present study and were 
distributed randomly into a WBV intervention group (WBV) and a control group (CO). 
None of the subjects had previous experience in WBV training, were engaged in 
regular organized physical activities, or in sports or strength training. Their physical 
activities were solely limited to leisure activities, like hiking or going for a walk. All 
participants gave written informed consent to participate in the experiment after being 
informed of the study’s procedures. Reasons for exclusion were an engagement in 
strength exercise programs as well as any history of recent injuries or fractures of the 
lower extremities in the last six months or a total knee or hip arthroplasty. The study 
was approved by the Human Ethics Committee of the University according to the 
Declaration of Helsinki. Twenty-one subjects completed the study (WBV: n = 13; 5 
men and 8 women; age 54.9 ± 9.0 years, height 1.72 ± 0.08 m, body weight 78.4 ± 
13.1 kg, BMI 26.6 ± 4.0, physical activity 2 ± 1.4 hours a week on 1.5 ± 0.9 days per 
week; CO: n = 8; 2 men and 6 women; age 54.5 ± 6.3 years, height 1.69 ± 0.08 m, 
body weight 70.5 ± 5.4 kg, BMI 24.6 ± 1.5, physical activity 2.3 ± 1.4 hours a week on 
2.5 ± 1.6 days per week; means ± SD). All dropouts were caused by illness (WBV: n 
= 1 woman) or personal reasons (CO: n = 4 men and n = 1 woman), and were not 
related to the training program or the study. Data from the subjects who dropped out 
were excluded from the statistics.  
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Figure 1: Flow chart of the recruitment. 
 
Countermovement Jump 
Vertical countermovement jumps were performed on a force plate (Kistler type 
9287C, MARS software, Kistler AG, Winterthur/Switzerland), recording flight time and 
vertical force trace. The CMJ started from an extended position, down to an 
individually preferred knee flexion followed by concentric muscle tension. The 
participants were asked to perform the CMJ with hands positioned on the waist, 
jumping as high as possible without lifting their knees during the flight and landing 
phases. The best height out of three trials was used for the analysis. Jump height (h) 
was calculated from the vertical velocity of the center of mass at take-off (TOV): h = 
TOV2 / 2g, where g = 9.81 ms-2. 
Dynamometry 
Maximal isokinetic muscle strength, mean power and work were measured on an 
isokinetic dynamometer (IsoMed 2000, D&R Ferstl GmbH, Hernau) in a seated 
position with a hip angle of 110°. The participants were affixed to the seat and 
stabilized by a safety belt around the waist, two crossed belts on the trunk, and one 
strap placed around the thigh of the tested leg. The axis of the dynamometer was 
aligned to the transverse knee joint axis, and the leg was affixed to the dynamometer 
lever arm 1 cm above the ankle joint using a strap. The individual adjustments were 
automatically saved on the dynamometer device and were used again for the 
posttest. To account for gravitational effects of the lever arm and the subject’s limb, 
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the dynamometer’s gravity correction procedure was performed in a horizontal leg 
position. The participants performed a series of three successive isokinetic flexion-
extension maximal voluntary contraction measurements with each leg. The speed of 
the dynamometer lever arm was set at 60°/s. Knee extension started at a joint angle 
of 10° and ended in knee flexion of 90° (e.g. for the right leg: the rotational direction 
of knee flexion can be described as a counter clockwise movement and knee 
extension as a clockwise movement from a medial view of the knee joint). The mean 
of the peak torques (N_m) recorded from the last two series determined the maximal 
isokinetic muscle strength (F
Max
) for extension and flexion, respectively. Mean muscle 
power (P
Mean
) and work (W
Mean
) were also calculated from the recorded force curve of 
these series for each direction of movement. The first measurement series was 
disregarded, because the force curve at the beginning of isokinetic measurements 
often contains an initial spike, which represents a torque overshoot due to inertial 
forces during the acceleration of a dynamic isokinetic movement. These peaks do not 
reflect true muscle strength and have to be eliminated from data analyses (42). 
Measurement of perceived exertion 
To evaluate the intensity of each exercise within each session, the Borg scale for 
ratings of perceived exertion (RPE scale) was used (5). This scale ranges from 6 (‘no 
exertion at all’) to 20 (‘maximal exertion’). Although this is a subjective measure, it is 
a valid and reliable method for estimating exertion in physical activity in healthy 
subjects or patients, as well as in trained or untrained subjects (5, 29).  
WBV group 
The WBV training intervention consisted of twelve training sessions over a period of 
six weeks (two training sessions per week). The subjects were exposed to WBV 
using a side-alternating vibration platform (Galileo Fitness, Novotec Medical GmbH, 
Pforzheim/Germany). Such a vibration device reciprocates vertical displacements on 
the left and right side of a fulcrum, and the amplitudes on a side-alternating platform 
depend on the width of the foot position (37). A frequency of 30 Hz combined with an 
amplitude of 3.9 mm (root mean squared acceleration: 4.99 g, where g = 9.81 ms-2) 
and a knee angle of 60° were used for the WBV exercises. The combination of these 
three biomechanical variables determines the vibration load to achieve the highest 
level of muscular activity of thigh muscles (34). According to the WBV exercise 
protocols of Roelants (38) and Johnson (23), the specific WBV exercises performed 
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were 1) ‘static squat’, where the subjects stood in an isometric squat position with a 
knee angle of 60°, 2) ‘dynamic squat’ with dynamic squatting between a knee angle 
of 45° and 60° while slowly moving up (2 seconds) and down (2 seconds), and 3) 
‘ball squeeze, where the subjects simultaneously stood in an isometric squat position 
with a knee angle of 60° and squeezed a ball between their knees. Only the warm-up 
exercise was carried out at a lower frequency of 18 Hz (root mean squared 
acceleration: 1.8 g, where g = 9.81 ms-2), where subjects stood in an isometric squat 
position with a knee angle of 60°.The WBV training volume (duration and repetitions 
of exercise) increased during the six weeks (Table 1) according to the overload 
principle. Rest time between each repetition was 60 seconds, and 120 seconds 
between the different exercises. During the WBV exercises the subjects were asked 
to stand barefoot in a squat position with the center of the heel on the marker for the 
particular foot position appropriate to the amplitude of 3.9 mm while their hands were 
kept on their waists, and the trunk was leaning slightly forward. Knee angles were 
monitored using a manual goniometer. After completing an exercise the participants 
were asked to rate their perceived exertion using the Borg scale. The subjects were 
asked not to change their current level of physical activity during the study period. All 
training sessions were closely supervised by the investigator. 
 
Table 1: Settings of the Whole-Body Vibration training protocol for each exercise during the respective 
training session. Vibration frequency was set at 30 Hz (except Warm Up with 18 Hz) and amplitude of 
3.9 mm. Rest between exercises was 120 seconds. 
Exercise  Training session  Volume of exercise  Rest between repetitions  
Warm Up
1
  1 – 12  1 x 120 sec  -  
Static squat
2
  1 – 2  4 x 60 sec  60 sec  
 
3  2 x 120 sec  60 sec  
 
4 – 6  3 x 120 sec  60 sec  
 
7 – 9  2 x 180 sec  60 sec  
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10 – 12  3 x 180 sec  60 sec  
Dynamic squat
3
  5 – 7  1 x 60 sec  -  
 
9 – 10  2 x 60 sec  60 sec  
 
11 – 12  3 x 60 sec  60 sec  
Ball squeeze
4
  7  1 x 60 sec  -  
 
8 – 10  2 x 60 sec  60 sec  
 
11 – 12  3 x 60 sec  60 sec  
 
Notes: 
1
Warm Up: isometric squat position with a knee angle of 60°.  
 2
Static squat: isometric squat position with a knee angle of 60°.  
 3
Dynamic squat: dynamic squatting between a knee angle of 45° and 60° while slowly moving 
up (2 seconds) and down (2 seconds).  
 
4
Ball squeeze: isometric squat position with a knee angle of 60° while simultaneously 
squeezing a ball between the knees.  
 
CO group 
The subjects in the control group were also asked not to change their current level of 
physical activity or start new forms of exercises during the six weeks of the study. As 
mentioned before, none of the subjects were engaged in regular organized physical 
activities, or in sports or strength training. Their physical activities were solely limited 
to leisure activities, like hiking or going for a walk. 
Treatment Protocol 
All measurements were assessed at baseline (pretest) and after the study period of 
six weeks (posttest) for the WBV and CO groups. The subjects were asked to avoid 
sport or other exhausting activities for at least 24 hours prior to the testing sessions. 
Pre- and posttest procedures were standardized and performed in the following 
order: (i) a warm up (2 min walking around the laboratory), (ii) CMJ performance test, 
and (iii) isokinetic measurements. Before measuring jump height, the subjects were 
instructed on how to perform a CMJ and 2-3 trials were completed to familiarize them 
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with the equipment and testing procedure. After 2 minutes of rest, the measurement 
started with three CMJ with 60 seconds of rest between each trial. After these jumps 
were recorded, the participants rested for another 5 minutes and were then seated 
on the isokinetic dynamometer. The dynamic knee flexion and extension strength, 
power and work were measured on the left and right sides in a randomized order. 
After adjusting the device to the subjects and familiarizing them with the testing 
procedure, they performed a series of three consecutive measured repetitions with 
each leg. After baseline measurements the participants completed their respective 
intervention according to their group. The first training session of the WBV group 
started 48 hours after the pretest measurements to avoid any signs of fatigue from 
the tests when rating their perceived exertion. Posttests were assessed after the six 
week period, and WBV subjects performed their tests 48 hours after the last training 
session to avoid any acute effects or fatigue from training sessions on test results. 
During the training sessions the subjects in the WBV group also rated their perceived 
exertion for every exercise using the Borg scale (5). 
Statistical analysis 
Statistical analyses were performed using the statistical software package SPSS, 
Version 20 (IBM, Armonk, NY). The Kolmogorov-Smirnov test was used to confirm 
the normality of the data. To analyze differences between the subject characteristics 
of the groups at baseline, an analysis of covariance (ANCOVA) was performed. In 
addition, a Bonferroni correction was used to adjust the p value related to the number 
of conditions that were performed. Changes from pre- to posttest in jump height, 
isokinetic muscle strength, mean muscle power, and mean muscle work within each 
group were analyzed using a paired sample t-test, whereas changes over time 
between groups were analyzed using an independent sample t-test. From the 
measurement trials, the intraclass correlation coefficients type ICC (1,1) were 
calculated for each dependent variable to determine intra test reliability (> 0.93). 
Significance level was set at p ≤ 0.05. Effect sizes (d) were calculated to determine 
the magnitude of an effect independent of sample size. Effect sizes are defined as 
"small” d < 0.2, "medium” d = 0.2-0.8, and "large” d ≥ 0.8 (43). Values are presented 
as means and standard deviations (SD) including 95% confidence intervals (CI).  
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Results 
No significant differences were observed at baseline between WBV and CO 
according to sex, age, weight, height, BMI, and physical activity. In the WBV group, 
the subjects familiarized themselves quickly with the training program and generally 
enjoyed the training sessions. No adverse side-effects were reported. All subjects in 
the WBV group (n = 13) attended all twelve training sessions within the six weeks of 
the study period. 
Countermovement Jump 
After six weeks of intervention, the increase in jump height was statistically significant 
in the WBV group (+18.55%, p = 0.001, d = 1.41), whereas no statistically significant 
change in jump performance was observed in the CO group (+6.58%, p = 0.052, d = 
0.83). Between-group comparison showed a statistically significant difference 
according to the jump improvements (p = 0.04, d = 0.96) (see Figure 2).  
 
Figure 2: Vertical jump height (cm) measured from a counter movement jump (CMJ) at pre- and 
posttest for the WBV and CO groups. *Significant differences within groups (p = 0.001). 
O
 Significant 
differences between groups (p = 0.04). Values are mean ± SD and CI. 
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Dynamometry 
Maximal isokinetic muscle strength, mean muscle power and work  
Regardless of the respective leg, there were no statistically significant differences in 
F
Max
, P
Mean
, and W
Mean
 values in knee extension and flexion (p = 0.052-1.000, d = 
0.01-0.83) between tests within each group (see Table 2). Furthermore, no changes 
over time according to the outcome parameters were statistically significant between 
groups (p = 0.479-0.951, d = 0.03-0.37).  
 
Table 2: Maximal isokinetic muscle strength (FMax), mean muscle power (PMean) and work (WMean) of 
the knee extensors and flexors of each leg measured on an isokinetic dynamometer at baseline (pre-
test) and after six weeks (post-test) for WBV and CO. Values of FMax are presented in Newtonmeter 
(N_m), PMean values in Watt (W), and WMean values in Joule (J). Values are mean ± SD and CI. 
 
 
  Group  Movement  Leg  Pre-test Post-test P value (effect size d)
1
 P value (effect size d)
2
 
F
Max 
 WBV  Extension  Right  124.77 ± 36.68  (102.60-146.94) 127.62 ± 41.17  (102.73-152.49) 0.499 (0.2)  
   Left  125.92 ± 39.6  (101.99-149.85) 131.15 ± 37.54  (108.47-153.84) 0.178 (0.4)  
  Flexion  Right  76.69 ± 25.19  (61.47-91.91) 78.23 ± 25.89 62.59-93.87) 0.703 (0.11)  
   Left  75.23 ± 26.64  (59.13-91.33) 78.31± 18.96  (66.85-89.77) 0.405 (0.24)  
 CO  Extension  Right  110 ± 35.94  (79.95-140,05) 113.25 ± 39.14  (80.53-145.97) 0.172 (0.54) 0.942 (0.03) 
   Left  111.13 ± 26.87  (88.66-133.59) 118 ± 36.3  (87.65-148.35) 0.174 (0.54) 0.782 (0.13) 
  Flexion  Right  58.5 ± 13.01  (47.63-69.37) 59.13 ± 12.7  (48.51-69.74) 0.503 (0.25) 0.479 (0.37) 
   Left  59.75 ± 12.15  (49.59-69.91) 63.13 ± 14.89  (50.69-75.56) 0.089 (0.7) 0.951 (0.03) 
 
                                                          
1
 Results of a paired sample t-test for within-group comparisons (changes from pre- to post-test) and effect size. 
2
 Results of an independent sample t-test for changes over time between WBV and CO group and effect size. 
P
Mean
 WBV  Extension  Right  111.85 ± 32.67  (92.11-131.59) 114.46 ± 35.08  (93.26-135.66) 0.594 (0.15)  
   Left  110.31± 34.23  (89.62-130.99) 113.77 ± 30.85  (95.13-132.41) 0.38 (0.25)  
  Flexion  Right  72.92 ± 26.6  (56.85-89.0) 75.46 ± 25.89  (59.82-91.11) 0.518 (0.18)  
   Left  70.69 ± 26.76  (54.52-86.86) 74.15 ± 20.96  (61.49-86.82) 0.278 (0.32)  
 CO  Extension  Right  100.13 ± 34.35  (71.41-128.84) 100.13 ± 36.59  (69.54-130.71) 1 (0.0) 0.617 (0.26) 
   Left  97.38 ± 23.83  (77.46-117.29) 104.75 ± 36.06  (74.61-134.89) 0.26 (0.43 0.568 (0.27) 
  Flexion  Right  58.13 ± 16.06  (44.7-71.55) 61.75 ± 19.36  (45.57-77.93) 0.079 (0.73) 0.833 (0.1) 
   Left  56.25 ± 12.43  (45.86-66.64) 58.88 ± 13.85  (47.3-70.45) 0.249 (0.45) 0.846 (0.1) 
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1
Results of a paired sample t-test for within-group comparisons (changes from pre- to post-test) and 
effect size. 
2
Results of an independent sample t-test for changes over time between WBV and CO group and 
effect size. 
Rate of Perceived exertion  
Mean ratings of the ‘warm up’ exercise for WBV ranged between  Borg scale levels 
of 7 ± 1 and 11 ± 2, ‘static squat’ exercise between 11 ± 2 and  13 ± 1, ‘dynamic 
squat’ exercise between 8 ± 1 and 9 ± 2, whereas the ‘ball squeeze’ exercise ranged 
between 9 ± 2 and 10 ± 2 throughout the twelve training sessions, respectively (Table 
3). There was no statistically significant sex-specific interaction between RPE ratings 
throughout the training sessions. 
 
Table 3: Mean Borg RPE ratings for each exercise during the respective WBV training session. 
Values are mean ± SD. 
 
Training session  
Exercise  S1  S2  S3  S4  S5  S6  S7  S8  S9  S10  S11  S12  
Warm up  11 ± 2 10 ± 1 9 ± 1 9 ± 2 9 ± 1 8 ± 1 8 ± 1 8 ± 1 8 ± 1 7 ± 1 7 ± 1 7 ± 1 
Static squat  13 ± 1  12 ± 1  12 ± 2  12 ± 2  11 ± 2  11 ± 2  11 ± 2  11 ± 2  11 ± 3  12 ± 2  11 ± 3  11 ± 3  
Dynamic squat  
    
9 ± 2 9 ± 1 9 ± 1 8 ± 2 8 ± 1 8 ± 2 9 ± 2 8 ± 2 
Ball squeeze  
      
10 ± 2 10 ± 2 9 ± 2 9 ± 2 9 ± 2 9 ± 2 
W
Mean
 WBV  Extension  Right  125.10 ± 35.52  (103.63-146.57) 132.25 ± 39.96  (108.11-156.4) 0.205 (0.37)  
   Left  124.24 ± 36.23  (102.34-146.14) 131.60 ± 35.29  (110.28-152.93) 0.092 (0.51)  
  Flexion  Right  80.35 ± 27.92  (63.48-97.23) 86.02 ± 28.93  (67.92-103.36) 0.246 (0.34)  
   Left  80.92 ± 28.34  (63.79-98.04) 87.80 ± 22.55  (74.17-101.43) 0.082 (0.53)  
 CO  Extension  Right  113.34 ± 36.61  (82.73-143.94) 116.41 ± 36.44  (85.95-146.88) 0.063 (0.78) 0.944 (0.04) 
   Left  115.69 ± 27.62  (92.59-138.78) 127. 74 ± 41.45  (93.08-162.39) 0.155 (0.56) 0.554 (0.28) 
  Flexion  Right  65,18 ± 16.71  (51.24-79.33) 67,94± 18.36  (52.59-83.29) 0.052 (0.83) 0.594 (0.25) 
   Left  68.08 ± 14.69  (55.8-80.35) 70.55 ± 15.52  (57.58-83.52) 0.119 (0.63) 0.836 (0.1) 
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Discussion 
We aimed to evaluate the feasibility and effectiveness of a six-week WBV 
intervention in older adults. Although previous studies have investigated muscle 
strength parameters, this study is the first study to observe improvements in jump 
heights due to WBV training on a side-alternating platform, and to use the Borg scale 
to document the level of exertion for WBV exercise. The main findings were that CMJ 
performance significantly increased in the WBV group, whereas no significant 
change was found in CO, thus confirming our first hypothesis. Furthermore, our data 
showed that during dynamic strength measurements, maximal isokinetic muscle 
strength, mean power, and mean work of knee extensors and flexors did not 
statistically significantly improve over time regardless of the group, and we therefore 
reject our second hypothesis. Finally, we examined the ratings of perceived exertion 
for WBV exposure, and can report that the WBV exercises and respective training 
parameters conformed to a moderate RPE level, which confirms our third hypothesis. 
An improvement of 18.55% in CMJ height in the present study supports findings of 
previous studies where increased levels of CMJ performance in older adults were 
reported.  In this context, it has been shown that jump height improved between 
10.9% and 19.4% after a 24-week and a one year period of WBV intervention on a 
synchronous platform, respectively (4, 38). However, only Russo et al. (41) reported 
improvements of CMJ parameters using a side-alternating device. After six months, 
muscle power and velocity increased by 5%, and jump height improved by 10.3% 
(although no data were given about jump height, jump height has been calculated 
from published peak velocity data with h = v2/2g). Furthermore, we suggest that 
variations in CMJ height performance in older adults could not only be caused by 
differences in WBV platform devices or training parameters, but also depend on the 
method of calculating vertical jump height (32).  
The mechanism of muscle function during a CMJ is known as SSC (stretch-
shortening cycle), where an eccentric muscle action is immediately followed by a 
concentric muscle action. During the eccentric phase, energy is produced and stored 
in the muscle-tendon unit and then ultimately released in the concentric phase. The 
reutilization of this elastic energy leads to increased force and power output, whereas 
the neuromuscular regulation system based on the muscle spindle reflex and the 
Golgi tendon organ reflex affects SSC (25, 26). It has been well described in the 
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literature that by positively affecting the neuromuscular system using appropriate 
training methods, force and power output of an SSC can be improved (24). The 
author explains this effect that those training interventions enhance the muscle 
spindle reflex regulating the fascicle muscle length, and simultaneously dampen the 
inhibitory effect of the Golgi tendon organ reflex. That in turn leads to a more 
increased muscle tension and tolerance of the muscle to stretching forces during the 
eccentric phase of the SCC. Consequently, more elastic energy can be stored and 
then released in the concentric phase resulting in a performance potentiation in the 
SSC. In the current study, we found that WBV exposure enhanced the pattern of the 
neuromuscular system due to the TVR, where muscle spindle reflexes facilitate the 
activation of Ia-motoneurons, leading to muscle contractions (20, 28). Monosynaptic 
and polysynaptic pathways have been shown to mediate TVR (15, 30). Furthermore, 
the data of the present study revealed higher CMJ performances in older rather than 
in younger adults. Previous studies show significant improvements in jumping height 
in young men ranging between 8% and 10% (side-alternating platforms (3), 
synchronous platforms (14, 40, 44). This also confirms the importance of an optimal 
age-specific vibration load determined by high frequency, amplitude, and increased 
knee angle used in WBV treatment, and concurs with previous reports (11, 35).  
WBV exercises have been shown to have a positive influence on gaining muscle 
strength and performance in older adults using a side-alternating vibration device. 
Here, significant increases in isokinetic knee extension strength and power by 6.7% 
and 7.9%, respectively, has been reported (36). Nevertheless, our data indicate 
lower and non-significant improvements in F
Max
 and P
Mean
. The discrepancy between 
our results and those reported in the study by Rees (36) may point out the 
importance of the training period (six weeks vs. eight weeks) and the number of 
training sessions during this period (12 sessions vs. 24 sessions). The effect of long 
WBV treatment periods and the volume of sessions were also indicated by studies 
using synchronous vibration platforms, where isokinetic knee extension strength 
improvements from 12.1% up to 16.5% were detected after 24 weeks, with a total of 
72 training sessions (38, 45). However, Bautmans et al. (2), who used the same 
vibration devices, found no significant differences in knee extension strength, force or 
power achievements between a WBV group and a sham control group in home 
nursed persons after 24 training sessions during a WBV intervention period of six 
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weeks. It seems that the highest development in knee-extension and knee-flexion 
strength and performance in WBV studies was achieved with injured subjects or 
individuals with clinical complaints. Johnson (23) reported a strength gain of 84.3% 
after only 12 physical therapy sessions using WBV in individuals with total knee 
arthroplasty. Finally, an important factor to discuss is the aspect of validity in 
isokinetic and isometric tests of measuring strength and power. The open-chain 
approach of isokinetic or isometric testing versus the closed-chain of the WBV 
exercises (e.g. squat positions) leads us to believe that the nature of the exercises 
were so different, that this factor may explain the lack of statistically significant 
improvements in strength and power in our results and other studies mentioned 
before. However, Broekmans (6) and Burnfield (7) have reported the relationship 
between isometric and isokinetic strength measures and functional measures. 
Furthermore, as already discussed, there are still some studies reporting statistically 
significant effects of WBV intervention on strength and power outcome. Thus, the 
effectiveness of WBV training on isolated maximal voluntary isokinetic or isometric 
muscle activation and strength seems unclear and more research is needed. 
Available studies focusing on elderly people, or subjects with clinical complaints, do 
not report any negative side effects or discomfort of the participants during training 
(23, 39, 45). However, to date, no study has examined a rating of perceived exertion 
of the WBV exercises used in each case. The Borg RPE scale is a current method 
for estimating exertion in athletes as well as in participants in prevention and in 
rehabilitation (5, 29). This scale is not only applied to measure the exertion of a 
cardiopulmonary load, but also used to rate and regulate the intensity in strength 
training (5). We have shown that subjective perceived exertion of WBV exercises and 
respective training parameters used in the current study ranged between level 7 and 
13 of the Borg scale. These values are still below the recommended RPE levels of 
15-17 in healthy subjects, as well as RPE levels of 13-14 in patients (5). Therefore, 
we suggest that the WBV intensity determined by the training parameters volume 
and duration of the WBV exercises in our study were still too low to achieve 
improvements in F
Max
, P
Mean
, and W
Mean
, even though we implemented an optimal 
vibration load (34). Finally, the high rate of compliance in the WBV group (100%) and 
the moderately rated RPE levels support the feasibility of WBV training in older 
adults. 
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In the present study, CMJ performance improved without changes in isokinetic 
muscle strength, power and work in the knee extensors and flexors. The results of 
our study suggest that WBV training has a positive effect on jumping height gains by 
enhancing neuromuscular coordination and SSC, as mentioned before. Furthermore, 
we suppose that WBV intervention, even with applied optimal WBV load for knee 
extensor and flexor muscles, may have affected other muscles of the lower limbs 
which were also involved during a CMJ. Whereas during dynamometry analyses only 
isolated muscle groups around a specific joint were measured, a CMJ requires a 
multi-joint technique which involves a complex movement.  Hereby, the relative hip, 
knee and ankle joint contribution is equivalent to 28%, 49% and 23%, respectively 
(21). Although we did not investigate the influence of WBV on plantar flexor muscles, 
it has been observed that EMG activity during WBV exposure provides a high 
stimulation of the plantar flexors (1, 39, 49) and increases strength parameters in 
these muscle groups (4). In addition, the TVR during WBV exposure specifically 
trains fast-twitch type II (FT II) fibers by enhancing the pattern of recruitment of these 
muscle fibers (4, 33, 41). Although F
Max
, P
Mean
, and W
Mean
 of the knee extensors and 
flexors in the present study remained unchanged, we suppose that a faster activation 
of the FT II fibers of all lower limb muscles increased the movement velocity of the 
CMJ and led to enhanced explosive strength capacities resulting in improved jump 
height. 
A limitation of the present study is that we did not have a sham control group 
performing the same exercises as the WBV group but without vibration stimulus. Due 
to our lack of financial resources, we were bound to a restricted study time frame and 
were limited to only subjects who volunteered during this time. The number of 
volunteers was only sufficient for two randomized groups. This point has to be 
considered, and the results should be interpreted in the context of its design. 
In conclusion, based on the findings in the literature and our results, we assert that 
WBV training based on age-specific vibration load and exercise setting is a feasible, 
suitable and effective training program for elderly people to prevent age-related 
reduction of muscle performance. CMJ performance increased significantly after six 
weeks of WBV intervention applying exercise settings rated with a moderate 
perceived exertion. Although we measured no changes in isolated maximal isokinetic 
muscle strength, mean power and work in knee-extension and knee-flexion, the 
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positive outcome data of changes in multi-joint strength performance during a CMJ is 
of particular importance. It should be noted that improvements in CMJ performance 
also involve enhancements of the natural muscle function of an SSC, which is 
important and efficient in human motion in activities of daily living, like walking, 
running, and climbing stairs (24, 38). This is also supported by homogeneous 
feedback from the participants, who reported a better subjective well-being and 
facilitation of motion in daily living as a consequence of the training. The findings of 
this study indicate that WBV training intervention has great potential when using side-
alternating vibration devices in older adults as an alternative strength training method 
to conventional exercise programs to prevent functional strength loss. Nevertheless, 
based on our data, we recommend increasing WBV exercise intensity by modifying 
the training settings (period of intervention, number, volume and duration of 
exercises) to achieve higher Borg RPE levels up to 15-17, as recommended in the 
literature. However, to determine whether these modifications influence WBV training 
on side-alternating platforms to enhance isokinetic muscle strength parameters in 
knee extension and flexion, e.g. to attain joint stability, further research with elderly 
people is still needed. 
 
Practical applications 
The results of the current study show that a standardized WBV program on a side-
alternating platform has positive effects on muscle function and performance in older 
adults. They also suggest that using a maximal vibration load is still a feasible and 
moderate age-specific training program. Although there were no changes in isolated 
muscle strength parameters, the improvements in multi-joint strength performance 
are of particular importance. Retaining this function is especially meaningful for 
activities of daily living, such as walking, climbing stairs, or rising from a chair in this 
age-group. Based on the findings of this study, physical therapists, coaches, and 
fitness professionals can offer a WBV training intervention as an alternative strength 
training method to conventional exercise programs to prevent functional strength loss 
and retain physical function in older adults. They also can use the Borg scale to rate 
perceived exertion to modify the training settings (period of intervention, number, 
volume and duration of exercises) to regulate WBV exercise intensity. 
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2.3 Research paper 3: Vibration load settings and neuromuscular 
activity for the upper body 
The effect of WBV stimulus on the upper body (see section 1.2.2) is not well 
established (Marin et al., 2013) and the call for biomechanical markers to determine 
effective but safe WBV exercise protocols and VbL is still unanswered (Pel et al., 
2009). 
Study 3 (S3) was conducted to provide information for VbL for the trunk and neck 
muscles based on safety recommendations for WBV application in current literature 
(Abercromby et al., 2007b; Caryn et al., 2014). 
Examining of the combination of different vibration amplitudes and knee angles to 
determine the highest level of activity of the trunk and neck muscles during WBV, 
was the aim of study 3. 
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Abstract 
The intention of this study was to systematically analyze the impact of biomechanical 
parameters in terms of different peak-to-peak displacements and knee angles on 
trunk and neck muscle activity during whole-body vibration (WBV). 28 healthy men 
and women (age 23 ± 3 years) performed four static squat positions (2 peak-to-peak 
displacements x 2 knee angles) on a side alternating vibration platform with and 
without vibration stimulus. Surface electromyography (EMG) was used to record the 
neuromuscular activity of the erector spinae muscle, the rectus abdominis muscle, 
and of the splenius muscle. EMG levels normalized to maximal voluntary 
contractions ranged between 3.2 – 27.2 % MVC during WBV. The increase in muscle 
activity caused by WBV was significant, particularly for the back muscles, which was 
up to 19.0 % MVC. The impact of the factor ‘condition’ (F-values ranged from 13.4 to 
132.0, p ≤ 0.001) and of the factor ‘peak-to-peak displacement’ (F-values ranged 
from 6.4 to 69.0 and p-values from < 0.001 to 0.01) were statistically significant for 
each muscle tested. However, the factor ‘knee angle’ only affected the back muscles 
(F-value 10.3 and 7.3, p ≤ 0.01). The results of this study should give more 
information for developing effective and safe training protocols for WBV treatment of 
the upper body. 
Key words: Vibration, electromyography, torso, paraspinal muscles 
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Introduction 
Whole-body vibration (WBV) training has become a popular exercise method for 
athletes and patients over the last decade. It is used as a training form in prophylaxis 
and medical rehabilitation, as well as in standard strength training (Nordlund and 
Thorstensson, 2007; Rittweger, 2010). WBV exercises are performed while standing 
on a motor driven oscillating platform device. Hereby, a distinction is drawn between 
side alternating vibration platform devices, which reciprocate vertical displacements 
on the left and right side of a fulcrum, and synchronous vibration platform devices, 
where the whole plate oscillates uniformly up and down (Cardinale and Wakeling, 
2005; Rauch et al., 2010; Rittweger, 2010). The mechanical vibration stimulus 
applied to the muscles and tendons during WBV exercise is characterized by a cyclic 
transition between eccentric and concentric muscle contractions and leads to a 
neuromuscular response (Rittweger, 2010). Thus, WBV exercise acutely enhances 
the pattern of the neuromuscular system due to the physiological mechanism called 
“tonic vibration reflex” (TVR), where muscle spindle reflexes facilitate the activation of 
Ia-motoneurons, leading to muscle contractions (Hagbarth and Eklund, 1966; Lance 
et al., 1973). Monosynaptic and polysynaptic pathways have been shown to mediate 
TVR (Desmedt and Godeaux, 1980; Luo et al., 2005). 
Previous studies have shown that WBV has an effect on muscle strength parameters 
(Delecluse et al., 2003; Issurin et al., 1994; Luo et al., 2005; Schlumberger et al., 
2001; Torvinen et al., 2002), performance (Lamont et al., 2009; Wyon et al., 2010) 
and postural control, especially in older adults (Bruyere et al., 2005; Gómez-Cabello 
et al., 2013; Kawanabe et al., 2007; Runge et al., 2000). Most of these studies 
focused on leg muscles and only few studies were found that investigated the effects 
of WBV exposure on trunk and neck muscles. According to this, it has been reported 
that WBV training reduces back pain by relaxing the back muscles (Iwamoto et al., 
2005; Rittweger et al., 2002). Furthermore, Osawa and Oguma (2013) showed a 
significant increase in the muscle strength of the back muscles after 13 weeks of 
WBV training with a synchronous vibrating platform compared to conventional 
strength training (+51.5 ± 34.1%, p < 0.001 and +26.4 ± 17.5%, p < 0.001). Both 
training groups significantly increased the number of sit-ups performed with respect 
to time (p < 0.001). However, a small number of studies are known which specifically 
investigated the neuromuscular activity of the back muscles during WBV exposure. In 
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this context, Wirth et al. (2011) showed significant increases in muscle activity 
(measured with surface EMG) in abdominal and back muscles by adding WBV 
stimuli in different gymnastic exercises on a synchronous vibrating platform, whereas 
the level of activation correlated with the exercise. There is still a lack of published 
information about WBV influence on neuromuscular activity of the neck muscles, 
although it is suggested that the neck muscles are also capable of being influenced 
by the vibration stimulus (Abercromby, 2007b). 
During WBV exposure, the magnitude of EMG levels of a specific muscle depends 
on the vibration load determined by the biomechanical parameters (vibration 
frequency, peak-to-peak displacement, and joint angle), the exercise parameters 
(side alternating or synchronous vibration platform devices, acute vs. chronic effects, 
exercise position) (Abercromby et al., 2007a; Abercromby et al., 2007b; Krol et al., 
2011; Perchthaler et al., 2013; Petit et al., 2010; Roelants et al., 2006), and the 
anatomical localization of the muscle (Hug, 2011).  There are no studies investigating 
the influence of the combination of these parameters to achieve the highest 
neuromuscular activity of the trunk and neck muscles. In particular, the acute effect 
of the variation of peak-to-peak displacement on the neuromuscular response of 
these muscles has not been investigated. Furthermore, vibrations could be 
potentially harmful to the soft tissue organs within the head (Rittweger, 2010), and 
therefore the selection of the biomechanical parameters should be well-considered. 
In this context, Abercromby et al. (2007b) quantified head accelerations by 
performing slow dynamic squats with knee angles 10-35° during WBV and comparing 
them to ISO 2631-1:1997 standards for potentially harmful vibration exposure. They 
suggest that potentially harmful vibration transmission to the head is minimized when 
using a side alternating vibration platform rather than a synchronous device and by 
squatting with a knee angle of 26-30°. In addition, Caryn et al. (2014) investigated 
how changes in WBV frequency and knee angle affect acceleration transmission to 
the head on a synchronous vibration device. These authors reported that frequencies 
below 30 Hz combined with knee angles less than 40° should be avoided to reduce 
the risk of injury to structures of the head during vibration exercise. Although both 
studies recommend a vibration frequency of 30 Hz, there are differences in the peak-
to-peak displacement of 4 mm (Abercromby, 2007b) and 1-2 mm (Caryn, 2014), 
respectively. The main contrast between the studies by Abercromby (2007b) and 
Caryn (2014), however, is a significant discrepancy relating to the recommendations 
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for knee angles (26°-30° vs. > 40°) to avoid harmful head accelerations. In respect to 
the recommended parameters of these two studies, knee angles of 30° and 45° at a 
frequency of 30 Hz were assumed as biomechanical parameters in the present 
study. In addition, low and high peak-to-peak displacements (2.6 and 7.8 mm) were 
included. 
The aim of this study was to examine the combination of peak-to-peak displacement 
and knee angle, which achieves the highest level of activity of the trunk and neck 
muscles during WBV. We hypothesized that the biomechanical parameters affect the 
level of neuromuscular activity in different dimensions. We first examined to what 
extent these muscles were active during WBV. Next, we observed the differences 
between muscle activity with (WBV) and without (CON) a vibration stimulus of 30 Hz 
frequency. Finally, we investigated how the level of activation was affected by the 
biomechanical parameters. These steps were important to provide effective and safe 
recommendations for WBV training protocols for trunk and neck muscles.  
 
Methods 
Experimental approach to the problem 
To test the hypothesis, measurements were done to analyze the neuromuscular 
activity of the trunk and neck muscles during WBV exposure. Trunk muscles 
analyzed in previous studies addressing acute (Wirth et al., 2011) and chronic 
(Osawa and Oguma, 2013) effects of WBV were selected for the present trial. In 
addition, one neck muscle was also included, as data about EMG analyzes of the 
neck muscles during WBV is lacking in current literature. Therefore, surface EMG 
was used to record the signals from the upper and lower rectus abdominis muscles, 
upper and lower erector spinae muscles and from the splenius muscle in different 
conditions of WBV and without vibration stimulus. The neuromuscular activation 
levels of the trunk and neck muscles were the dependent variables. The independent 
variables were the vibration condition (vibration stimulus with a vibration frequency of 
30 Hz and no vibration), two peak-to-peak displacements (2.6 and 7.8 mm) and knee 
angles at 30° and 45°. To normalize EMG, muscle activation was recorded during 
isolated and isometric maximal voluntary contractions (MVC). EMG treatment 
procedure and data analysis were performed according to Merletti (1999). 
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Participants 
Twenty-eight healthy and physically active men (n = 14) and women (n = 14) (age 23 
± 3 years, height 1.73 ± 0.17 m, weight 65.5 ± 19.5 kg, BMI 21.8 ± 4.2 kg/m2) 
volunteered to participate in the present study. Exclusion criteria were fresh fractures, 
all types of diseases related to gallstones and kidney stones, and acute back pain. 
No one had to be excluded on the basis of these criteria. All subjects gave written 
informed consent to participate in the experiment. The study was approved by the 
Human Ethics Committee of the university according to the Declaration of Helsinki.  
EMG analyses 
Surface EMG (Noraxon Telemyo 2400T V2, Scottsdale, AZ) was recorded from the 
upper (UES) and lower (LES) part of the erector spinae muscle, upper (URA) and 
lower (LRA) part of the rectus abdominis muscle, and from the splenius muscle (SPL) 
of a randomized side of the body. Skin was prepared by removing the hair and 
cleaning the muscle area with fine sand paper and alcohol. Bipolar surface 
electrodes (Ag/AgCl, 3M Health Care, St. Paul, MN) were applied over the muscle 
belly using SENIAM recommendations for UES and LES (Hermens et al., 1999), 
whereby these were not available, e.g. for URA, LRA SPL, referring to literature data 
(Lehman and McGill, 2001; Konrad, 2005; Wirth et al., 2011). The electrodes were 
placed with an interelectrode distance of 20 mm on the UES (2 fingers’ width lateral 
from the L1 spinous process), on LES (2–3 cm from the midline at the level of L5, 
placed on and aligned with a line from the caudal tip of the posterior spina iliaca 
superior to the interspace between L1 and L2), on URA (2–3 cm lateral from the 
midline on the second segment of the muscle), on LRA (2–3 cm lateral from the 
midline, on the fourth segment of the muscles or 2 cm inferior to the umbilicus if the 
fourth segment could not be palpated), and on SPL (2-3 cm from the midline at the 
level of C4). A ground electrode was placed over the dorsal process of the seventh 
cervical vertebra. The preamplified EMG signals were amplified (x1000), bandpass-
filtered at 10-500 Hz ± 2 % cut-off (Butterworth/Bessels), and sampled at 1500 Hz. 
MyoResearch XP software (Noraxon, Scottsdale, AZ) was used to collect and store 
the data for subsequent analysis. EMG cables were properly fixed on the skin with 
tape to prevent the cables from swinging and to avoid movement artifacts. 
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Treatment protocol 
After attaching the electrodes, MVC was performed to measure the maximum 
possible EMG level of the muscle. These MVC were performed on special training 
devices (DAVID 110, 130, and 140, David Health Solutions Ltd., Helsinki), which 
allow valid and reliable isolated isometric contractions of the muscles tested (Denner, 
1997). All aspects of these MVC test procedures (rater’s behavior, familiarization 
procedures, test position, fixation, and content of test instructions) to recruit erector 
spinae muscle (DAVID 110), rectus abdominis muscle (DAVID 130), and splenius 
muscle (DAVID 140) were standardized to enhance objectivity and have been 
extensively described elsewhere (Denner, 1998). 
The participants were exposed to WBV using a side alternating vibration platform 
(Galileo Fitness, Novotec Medical GmbH, Pforzheim). Such a vibration device 
reciprocates vertical displacements on the left and right side of a fulcrum. Thus, the 
peak-to-peak displacements on a side alternating platform depend on the width of the 
foot position (Rittweger, 2010). Therefore, muscle activity was recorded during four 
different static squat positions: two different foot positions (innately marked 5.7 and 
17.1 cm from the central axis of rotation by the manufacturer), which determined the 
peak-to-peak displacements of 2.6 mm and 7.8 mm , performed at knee angles of 
30° and 45°, respectively. Each different position was measured in two conditions: 
with (WBV) and without (CON) a vibration stimulus of 30 Hz. Hereby,  the root mean 
squared acceleration (aRMS) at a peak-to-peak displacement of 2.6 mm and 7.8 mm 
represents 3.33 g and 9.99 g (where g = 9.81 ms-2), respectively. The subjects were 
asked to stand barefoot in the relevant squat position with the center of the heel on a 
marker for the particular foot position while their hands were kept on their waists. 
Knee angles were monitored simultaneously and recorded with EMG signals using a 
flexible axis goniometer (Noraxon 2D-Goniometer, Scottsdale, AZ) connected to the 
EMG device. The goniometer was properly fixed to the skin with tape on the lateral 
line of the tibiofemoral joint of the leg, with its center placed over the joint space on 
the same side of the body as the EMG electrodes. Zero offset calibration was 
performed at a knee angle of 0°, and additionally monitored with a manual 
goniometer. A straight back and an upright body were required during all test 
positions. Posture was permanently monitored visually during all measurements. 
Research paper 3: Vibration load settings and neuromuscular activity for the upper body 
 
92 
 
Before starting the measurements, participants were able to familiarize themselves 
with the selected vibration stimulus during a warm-up period of 60 seconds. 
The EMG signals were recorded for about 25 seconds once the subjects had taken 
up the correct position on the vibration platform. Each of the four test positions were 
measured two times during WBV and CON conditions. The order of the different 
measurements was randomized. To unload the muscles, subjects paused for 60 
seconds before the next measurement started. All measurements were conducted by 
the same investigator. 
Data analysis 
The EMG raw signals were rectified and smoothed. Root mean square calculation 
(RMS) was applied as a digital smoothing algorithm in a defined moving time window 
(400 ms) for the whole 25 seconds trial. A time window of four seconds in which the 
knee angle was stable (below 0.5° deviation of the aimed target knee angle) was 
chosen for further analyses. Then the EMGRMS signals were MVC-normalized 
according to the isolated MVCs done prior to the WBV trials. Subsequently, muscle 
activity of the measurements was expressed as a percentage of the muscle activity 
during the measured MVC (100 %). Muscle activity of the UES, LES and SPL was 
expressed relative to muscle activity during maximal isometric trunk and neck 
extension. Muscle activity of the URA and LRA was expressed relative to muscle 
activity during maximal isometric trunk flexion. Data were reported as mean ± SE.  
Statistical analysis 
Statistical analyses were performed using the software package SPSS, Version 21 
(IBM, Armonk, NY). An ANOVA for repeated measurements (2 [condition] x 2 [knee 
angle] x 2 [peak peak-to-peak displacement]) was performed to analyze differences 
in EMG%MVC. A Bonferroni correction was used to adjust the p value related to the 
number of conditions that were performed.  Significance level was set at p ≤ 0.05. 
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Results 
Upper part of the erector spinae muscle 
The muscle activity of the UES varied during WBV between 15.4 and 27.2 % MVC, 
whereby the highest level was found at a peak-to-peak displacement of 7.8 mm and 
a knee angle of 30°.  
In addition, we found that the magnitude of EMG%MVC was always higher in the WBV 
condition compared with the CON condition and there was a statistically significant 
main effect of ‘condition’ (F (1.26) = 113.239, p < 0.001). The highest increase in 
activity was also found at a peak-to-peak displacement of 7.8 mm combined with a 
knee angle of 30° (see Table 1). Furthermore, there was a statistically significant 
‘condition x peak-to-peak displacement’ interaction effect (F (1.26) = 78.001, p < 
0.001). The interaction effect of condition and knee angle was statistically significant 
(F (1.26) = 9.361, p < 0.01). The ‘condition x peak-to-peak displacement x knee 
angle’ interaction effect was also statistically significant (F (1.26) = 7.770, p < 0.01). 
The biomechanical parameters had different effects on the muscle activity of the 
UES. Our results show that there was a statistically significant main effect of the 
peak-to-peak displacements tested (F (1.26) = 63.726, p < 0.001). The main effect of 
‘knee angle’ was also statistically significant (F (1.26) = 10.281, p < 0.01). No 
statistically significant ‘peak-to-peak displacement x knee angle’ interaction effect (F 
(1.26) = 1.104, p > 0.05) was found. This indicates that some combinations of the 
biomechanical parameters have similar effects on muscle activity. 
Lower part of the erector spinae muscle 
Normalized EMG activity of the LES during WBV ranged between 16.1 and 27.0 % 
MVC. The highest activation level was detected at a peak-to-peak displacement of 
7.8 mm and a knee angle of 30° (see Table 1).  
We also found a statistically significant main effect of the ‘condition’ (F (1.26) = 
131.975, p < 0.001), whereby the EMG%MVC level was always higher during WBV 
compared to the CON condition. In addition, statistically significant interaction effects 
were found for both ‘condition x peak-to-peak displacement’ (F (1.26) = 123.569, p < 
0.001) and ‘condition x knee angle’ (F (1.26) = 13.238, p < 0.001). In contrast, no 
statistically significant interaction effect was found for ‘condition x peak-to-peak 
displacement x knee angle’ (F (1.26) = 2.181, p > 0.05).  
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Furthermore, we can show that the level of activation was affected by the 
biomechanical variables in different ways. A statistically significant main effect of the 
peak-to-peak displacement was found (F (1.26) = 69.003, p < 0.001), as well as 
statistically significant differences in EMG%MVC levels between the two knee angles 
tested (F (1.26) = 7.279, p < 0.05). However, the muscle activity remained similar at 
both peak-to-peak displacements when the knee angles changed and there was no 
statistically significant interaction effect of ‘peak-to-peak displacement x knee angles’ 
detected (F (1.26) = 2.197, p > 0.05). This also indicates that some of the 
biomechanical variable combinations have similar effects on the muscle activity of 
LES. 
Upper part of the rectus abdominis muscle 
The EMG of URA varied during WBV between 3.6 and 6.0 % MVC, and the highest 
level was found at a peak-to-peak displacement of 7.8 mm and a knee angle of 30°. 
Furthermore, the neuromuscular activation was always higher in the WBV condition 
compared to the CON condition, (F (1.26) = 47.993, p < 0.001). The highest increase 
in EMG%MVC was also found at a peak-to-peak displacement of 7.8 mm combined 
with a knee angle of 30° (see Table 1). In addition, there was a statistically significant 
interaction effect for ‘condition x peak-to-peak displacement’ (F (1.26) = 5.293, p < 
0.05). A statistically significant interaction effect between condition, peak-to-peak 
displacement and knee angle (F (1.26) = 5.887, p < 0.05) was also found. However, 
there was no statistically significant interaction effect for ‘condition x knee angle’ (F 
(1.26) = 1.104, p > 0.05). 
Finally, our results show that there was a statistically significant main effect of the 
peak-to-peak displacements tested (F (1.26) = 36.532, p < 0.001). However, neither 
the main effect ‘knee angle’ (F (1.26) = 0.114, p > 0.05) nor the ‘knee angle x 
vibration condition’ interaction effect (F (1.26) = 1.104, p > 0.05) was statistically 
significant, and thus indicates that some combinations of the biomechanical 
parameters have similar effects on URA activity. 
Lower part of the rectus abdominis muscle 
Normalized EMG activity of the LRA during WBV ranged between 3.2 and 5.8 % 
MVC, whereby the maximum activation level was found at a peak-to-peak 
displacement of 7.8 mm and a knee angle of 45° (see Table 1).  
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Moreover, we found a statistically significant main effect of the ‘condition’ (F (1.26) = 
23.555, p < 0.001), whereas the muscle activation level was always higher during 
vibration stimulus compared to the CON condition. The highest increase of activity 
was also registered at a peak-to-peak displacement of 7.8 mm combined with a knee 
angle of 45°. Additionally, we can report a statistically significant interaction effect of 
the condition and the peak-to-peak displacements tested (F (1.26) = 34.072, p < 
0.001). However, no statistically significant interaction effects were found for 
‘condition x knee angle’ (F (1.26) = 0.011, p > 0.05) or ‘condition x peak-to-peak 
displacement x knee angle’ (F (1.26) = 0.075, p > 0.05). 
Furthermore, statistical analyses confirmed a main effect of the peak-to-peak 
displacement (F (1.26) = 28.892, p < 0.001). However, some combinations of the 
biomechanical parameters appear to have similar effects on LRA muscle activity, as 
the EMG levels remained similar at both knee angles (F (1.26) = 0.014, p > 0.05) and 
no statistically significant interaction effect of ‘peak-to-peak displacement x knee 
angles’ (F (1.26) = 0.003, p > 0.05) was found.  
Splenius muscle 
The highest EMG level of the SPL was found at a peak-to-peak displacement of 7.8 
mm and a knee angle of 30°, and the muscle activity varied between 4.8 and 8.5 % 
MVC during WBV. 
Based on a statistically significant main effect of the ‘condition’ (F (1.26) = 13.426, p 
= 0.001), we found that the muscle always showed higher activity during WBV 
compared with CON condition. Thus, the highest increase in activity was also found 
at a peak-to-peak displacement of 7.8 mm combined with a knee angle of 30° (see 
Table 1). Furthermore, a statistically significant interaction effect was detected 
between the condition and the peak-to-peak displacements tested (F (1.26) = 7,884, 
p < 0.01). In addition, there was no interaction effect found for ‘condition x knee 
angle’ (F (1.26) = 0.212, p < 0.05) or ‘condition x peak-to-peak displacement x knee 
angle’ (F (1.26) = 0.445, p < 0.05). 
Finally, we found that the biomechanical parameters had different effects on SPL 
activity. There was a statistically significant main effect of ‘peak-to-peak 
displacement’ (F (1.26) = 6.419, p < 0.05). In addition, the interaction effect of ‘peak-
to-peak displacement x knee angle’ was also statistically significant (F (1.26) = 4.888, 
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p < 0.05), whereby no statistically significant main effect of the knee angle was 
detected (F (1.26) = 0.514, p < 0.05).  
There were no gender-specific differences concerning the main effects or the 
interaction effects in all muscles tested. 
 
Table 1: Muscle activity of the upper (UES) and lower (LES) part of the erector spinae muscle, upper 
(URA) and lower (LRA) part of the rectus abdominis muscle, and splenius muscle (SPL) with different 
vibration peak amplitudes (1.3 mm and 3.9 mm) and knee angles (30° and 45°) during whole-body 
vibration (WBV) and without vibration stimulus (CON). In addition, the increase in EMG%MVC level (DIF) 
between WBV and CON condition is shown. Values are presented as a percentage of the muscle 
activity during an isolated MVC (100%). Values are mean (± SE). 
 
 
1.3 mm 3.9 mm 
30° 45° 30° 45° 
 
UES 
CON 8.6 (1.4) 12.5 (1.5) 8.1 (1.2) 13.0 (1.7) 
WBV 15.4 (1.6) 17.7 (1.7) 27.2 (2.0) 26.3 (2.2) 
DIF +6.8* +5.2* +19.1* +13.3* 
 
LES 
 
CON 9.0 (1.2) 12.9 (1.5) 8.8 (1.1) 12.7 (1.5) 
WBV 16.1 (1.3) 17.6 (1.6) 27.0 (1.6) 25.8 (2.4) 
DIF +7.1* +4.7* +18.2* +13.1* 
 
URA 
CON 2.9 (0.8) 3.0 (0.9) 3.0 (0.9) 3.1 (1.0) 
WBV 3.6 (1.0) 3.8 (1.0) 6.0 (1.1) 5.6 (1.0) 
DIF +0.7* +0.8* +3.0* +2.5* 
 
LRA 
CON 2.2 (0.3) 2.3 (0.4) 2.2 (0.4) 2.2 (0.3) 
WBV 3.3 (0.6) 3.2 (0.5) 5.7 (1.0) 5.8 (0.9) 
DIF +1.1* +0.9* +3.5* +3.6* 
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SPL 
CON 3.6 (0.4) 4.2 (0.4) 3.8 (0.4) 3.7 (0.4) 
WBV 4.8 (0.5) 5.4 (0.7) 8.5 (1.6) 7.9 (1.4) 
DIF +1.2* +1.2* +4.7* +4.2* 
 
* Significant increase in muscle activity WBV-CON (p ≤ 0.05). 
 
Discussion  
This is the first study examining how different combinations of biomechanical 
parameters (peak-to-peak displacements and knee angles) with and without a 
vibration stimulus of 30 Hz have an acute effect on trunk and neck muscles activity. 
The results of the present study show that these tested parameters affect the activity 
of these muscles in different ways when exposed to vibration stimulus from a side 
alternating platform, thus confirming our hypothesis. 
To date, only one published study has also investigated the acute effects of WBV on 
neuromuscular activity levels of the trunk muscles (Wirth et al., 2011). The authors 
measured the muscle activity of trunk muscles in different static exercise positions on 
a vertical vibrating platform (synchronous device) at a vibration frequency of 30 Hz 
and peak-to-peak displacement of 4 mm. They reported a maximum activation level 
of 25.6 % MVC for the multifidius muscle during WBV, which is similar to our findings 
(27.2 % MVC for the UES and 27.0 % MVC for the LES). Furthermore, these authors 
found an activation maximum with vibration for the rectus abdominis muscle of 46.4 
% MVC, which was much higher than the maximum activity level measured for the 
abdominal muscles in the present study (6.0 % MVC for the URA). However, Wirth et 
al. (2011) measured the highest activation of the rectus abdominis muscle during a 
sit-up position which may have led to a much higher preactivation of the muscle, and 
might explain the larger activation maximum in this study. In this context, it has been 
reported that an increased preactivation of a muscle leads to better effects due to 
vibration exposure (Hopkins et al., 2009; Mester et al., 1999; Ritzmann et al., 2013) 
caused by an increased muscle spindle sensitivity through alpha-gamma coactivation 
(Burke et al., 1976), whereas muscles closer to the vibration inducing system were 
more receptive to vibration stimulus (Nigg, 2010; Roelants et al., 2006). However, we 
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found no studies investigating acute effects of WBV on the neuromuscular activity of 
the splenius muscle. Similar to the other muscles tested, a main effect of the 
condition was also detected for that muscle in the present study, and we can 
presume that the vibration stimulus reaches the head. This is in line with Abercromby 
et al. (2007b), who reported head acceleration while subjects performed a slow 
dynamic squatting movement during WBV exercises with similar conditions as used 
in the present study. 
Another factor clarified in the present study is the WBV-induced increase (DIF) in 
trunk muscle EMG%MVC. In this context, Wirth et al. (2011) reported that an additional 
vibration stimulus led to lower effects for the back muscles (WBV-induced increase of 
+1.6 % MVC) than for the abdominal muscles (WBV-induced increase of +7.2 % 
MVC). On the contrary, our results show that the vibration effect on the back muscles 
(maximum DIF +19.1 % MVC) was higher than on the abdominal muscles (maximum 
DIF +3.6 % MVC) at similar vibration peak peak-to-peak displacements compared to 
Wirth (3.9 mm vs. 4 mm). These differences in vibration effect may be caused by 
differences in study design with regard to body position (almost upright stand vs. 
different gymnastic exercises, e.g. in seated positions), and vibration platform type 
(side alternating vs. synchronous), whereas the vibration frequency was identical at 
30 Hz. Noticeable in our results are the great differences of DIF among the tested 
muscles. For both peak-to-peak displacements and both knee angles, the highest 
vibration effect was measured for the back muscles (DIF +4.7 % MVC - +19.1 % 
MVC), followed by the neck muscle (DIF +1.2 % MVC - +4.7 % MVC), and the 
abdominal muscles (DIF +0.7 % MVC - +3.6 % MVC). Hence, we have to consider 
that the amount of vibration stimulus transmitted through the body depends on 
posture, stiffness and damping (Nigg, 2010; Rittweger, 2010). Due to the human 
anatomy, vibration transmission occurs segmentally from the vibration source to the 
feet, then to the calves, up to the thighs, and from the trunk through the neck to the 
head. Therefore, as mentioned before, muscles closer to the vibration inducing 
system were more receptive to vibration stimulus (Nigg, 2010; Roelants et al., 2006). 
In this context, Pel et al. (2009) reported that side alternating vibration devices 
transmit 85 % of the induced aRMS to the ankle, 8 % to the knee, and only 2 % to 
the hip, respectively. This indicates that the storage of vibration energy is limited from 
the lower to the upper part of the human body. That could explain the higher DIF 
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magnitudes in back muscles than in the neck muscles in the present study. However, 
comparing the results of the abdominal muscles with the results of the lower back 
muscles shows discrepancies between our results and the distance and transmission 
factor. Although both muscle groups were similar distances from the vibration 
platform and the transmission characteristic of the trunk is constant for frequencies 
between 5 and 50 Hz (Griffin, 1990; Mester et al., 2003), we detected a large 
difference between the gained WBV effects for the muscles. To explain these 
discrepancies, we hypothesize that the back muscles have a higher impact on 
upright stance and the stabilization of the lumbar spine than the abdominal muscles 
and therewith a higher preactivation, which would explain the larger DIF of the back 
muscles. Another explanation for the differences in neuromuscular preactivation 
between the mentioned muscles reflects that muscle tuning (Nigg, 2010) as a 
postural control strategy is adopted during WBV rather than myotatic reflex 
contractions. 
In answer to our third research question, the different biomechanical parameters 
affect neuromuscular muscle activation in different ways. The present study is the 
first study to investigate the impact of peak-to-peak displacement and knee angle on 
EMG magnitude of the trunk and neck muscles. First, we found that peak-to-peak 
displacement appears to have an important effect on these muscles, as the 
EMG%MVC increased with the higher peak-to-peak displacement. These finding agree 
with the results of Krol et al. (2011), and a previous study done in our lab 
(Perchthaler et al., 2013), which investigated the influence of peak amplitudes on 
muscles of the lower limbs. Both measured a higher neuromuscular response of the 
leg muscles by increasing the vibration peak amplitude in different vibration 
frequencies and body positions. This amplitude impact on the muscles associated 
with faster and greater stretching of the muscle (Cochrane et al., 2004) due to WBV 
exercise is characterized by cyclic transmission between eccentric and concentric 
muscle contractions (Rittweger, 2010). This could mean that the magnitude of 
vibration-related acceleration of the lumbar spine depends on the knee angle (Rubin 
et al., 2003). For all other muscles tested, the extent of neuromuscular activity for 
both knee angles (30° and 45°) was similar. Therefore, we support the suggestions of 
Caryn et al. (2014) and Abercromby et al. (2007b), who recommend knee angles 
greater than 40° and 26°-30° at a vibration frequency of 30 Hz for safe vibration 
transmission to the head, respectively. Abercromby also reported that head 
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acceleration was significantly lower when using a side alternating vibration platform 
and increasing the knee angle. However, it can be questioned whether head 
acceleration caused by vibrations can be put on the same level with neuromuscular 
activation of the neck muscles caused by WBV training. To clarify the correlation 
between head acceleration and neuromuscular response of the neck muscles, further 
studies are necessary to measure these factors simultaneously. Nevertheless, WBV 
stimulus to the head should be considered critically, because strong vibrations 
generated in the head can lead to eye and ear diseases, as reported in occupational 
medicine (Bochnia et al., 2005; Moussavi Najarkola et al., 2013; Soliman et al., 
2003). Thus, there is a need for further studies to investigate any long-term risks of 
WBV training. Nonetheless, assuming an equitable introduction to the training 
modality, vibration exercise seems to be an appropriate and safe training method 
(Rittweger, 2010). In addition, further research is needed to evaluate whether the 
low-to-moderate muscle activity levels measured in this study between 3.2 and 27.2 
% MVC are sufficient strength-training stimuli in practical application to cause acute 
and chronic effects to improve muscle performance. In this context, Cardinale and 
Bosco (2003) suggested that the neural adaptations can also improve muscle 
performance after WBV training, even when muscle activation was rather low to 
moderate.  
A limitation of the present study is the aspect of test position and posture on the WBV 
platform device during EMG measurements. During EMG trials in this study only 
knee angle was controlled using an electronically goniometer. However, ankle and 
hip joint angles may also affect the muscular activity (Roelants et al., 2006). As 
nearly no comparable parameters according to ankle, knee, and hip joint in EMG 
measurement during WBV exposure are available (Abercromby et al., 2007a; 
Cardinale and Lim, 2003; Krol et al. 2011), a standardized test position was 
determined and visually monitored in the present study. This point has to be 
considered, and the results should be interpreted in the context of its design. 
 
Conclusion 
WBV exercise has been shown to have a positive influence on back pain (Iwamoto et 
al., 2005; Rittweger et al., 2002), but it has also been reported that WBV exposure 
could be potentially harmful (e.g. Abercromby, 2007b; Rittweger, 2010). There is still 
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a lack of knowledge about effective and safe WBV training procedures for the upper 
body. The current study is the first with results leading toward detecting the best 
recommendations for combining biomechanical parameters (according to low-risk 
peak-to-peak displacements and knee angles, and frequency considered in literature) 
to produce the highest vibration load during WBV exposure to 30 Hz for trunk and 
neck muscles on a side alternating platform. Currently, a maximized vibration load 
could be achieved at a high peak-to-peak displacement of about 4 mm, whereby 
WBV leads to a higher EMG%MVC level of the lower back muscles than of the 
abdominal muscles. Both applied knee angles of 30° and 45° have similar effects on 
the vibration load and according to literature represent a safe position to prevent 
harm (Abercromby, 2007b; Caryn, 2014). Thus, the results of acute WBV effects 
should be able to help physical therapists, coaches, and athletes in diverse sectors to 
activate the trunk and neck muscles most effectively during a WBV session. Because 
of the low requirements on the patients during WBV training (Runge, 2006), this 
training form could be used by patients who cannot participate in traditional training 
programs. However, the effect of WBV on strength and power development depends 
on the biomechanical parameters, as well as on the exercise protocols. Further 
studies are necessary to develop and evaluate effective and safe training procedures 
and protocols for the trunk and neck muscles. In consideration of the potential harm 
of WBV to the head, further research should focus on finding specific body positions 
and stabilizers which reduce the vibration impact to the head and examine long-term 
effects. 
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Key points 
 The maximum levels of muscle activity were significantly reached at high 
amplitudes at a vibration frequency of 30 Hz.  
 WBV leads to a higher muscle activation of the lower back muscles than of the 
abdominal muscles. 
 Both knee angles of 30° and 45° have similar effects on the vibration load and 
represent safe positions to prevent any actual harm. 
 Certain combinations of the biomechanical variables have similar effects on 
the level of muscle activity. 
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3 Comprehensive and supplementary discussion 
In the third part of this doctoral thesis the scientific program will be comprehensively 
discussed. Issues that go beyond the discussions already given in the three original 
papers will also be added. Aspects that have already been discussed in detail in the 
research papers will only be mentioned but will not be discussed in extenso again. 
Hence, the specific section of the corresponding research paper will be denoted in a 
footnote. 
 
3.1 Neuromuscular activation of the lower extremities during whole-
body vibration in older adults 
3.1.1 Effects of the biomechanical variables on the magnitude of 
neuromuscular activity 
The results of study number one (S1) showed that the biomechanical variables 
affected the quadriceps femoris and hamstring muscles in older adults in different 
ways when exposed to WBV stimulus from a side alternating platform device, thus 
confirming the first hypothesis (H
1
) of this thesis. Vibration frequency, vibration 
amplitude, and knee angle in detail had different influences on the neuromuscular 
activity of the thigh muscles while subjects stood in a standardized position8 on the 
vibration device.   
Vibration frequency 
The side alternating vibration device used in the scientific program (Galileo Fitness, 
Novotec Medical GmbH, Pforzheim, Germany)9 provides a frequency range between 
5 Hz to 30 Hz that can be electronically adjusted via control panel. Previous research 
examining WBV effects on the lower extremities using a side alternating vibration 
device applied frequencies of 20 Hz and beyond (see section 1.2.3 and 1.2.4), with 
the exception of Russo et al. (2003) and Torvinen et al. (2002a). These authors 
implemented frequency ranges of 12 Hz to 28 Hz and 15 Hz to 30 Hz, respectively 
(Tables 6 and 7), whereas the frequency was progressively increased during the 
WBV intervention period.  
                                            
8
 Positioning of the subjects is described in research paper 1 on page 44-45. 
9
 All specifications of the vibration device are given in the appendix. 
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In order to examine the impacts of lower frequencies of the Galileo Fitness device on 
neuromuscular activation as well five vibration frequencies (6 Hz, 12 Hz, 18 Hz, 24, 
Hz and 30 Hz) were included in S1. The results of S1 indicated that with increased 
vibration frequency, especially with 24 Hz and beyond, muscular activity increased. 
On the other hand the lower vibration frequency levels (≤ 18 Hz) showed similar 
magnitudes of muscular activity10. Nevertheless, it is also still argued whether WBV 
training with a vibration frequency between 5 Hz and 20 Hz may induce damage and 
injury effects due to the resonance11 of the human body (Mester et al., 2003; 
Rittweger, 2010). Therefore, the authors suggested handling WBV exercises with 
vibration frequencies below 20 Hz with caution. However, in this context scientific 
research and subsequent results are still missing. 
Vibration amplitude 
Another factor clarified of S1 is the impact of vibration amplitude12 on neuromuscular 
activity of the upper leg muscles. Although this factor hardly plays a role in hamstring 
muscle activity, the vibration amplitude has an important effect on the quadriceps 
femoris muscle. Here, the EMG
%MVC
13 increased with higher amplitudes. 
 
Figure 5: The four foot positions of the Galileo Fitness device which determine the vibration 
amplitudes. 
A side alternating platform oscillates around a central axis, so the amplitudes here 
depend on the width of the foot position, whereby the landmark for indicating the 
                                            
10
 These findings are extensively discussed in research paper 1 on page 50-51. 
11
 Resonance effects are already described in section 1.1.5 of this thesis. 
12
 Rationales are discussed in research paper 1 on page 51. 
13
 EMG level during WBV exposure normalised to an isolated MVC test (research paper 1, page 45) 
Effects of the biomechanical variables on the magnitude of neuromuscular activity 
 
110 
 
amplitude is the second toe (Rauch et al., 2010). There are four foot positions 
marked on the Galileo Fitness device by the manufacturer (Figure 5), and each foot 
position corresponds to a respective amplitude: foot position 1 (A = 1.3 mm), foot 
position 2 (A = 2.6 mm), foot position 3 (A = 3.9 mm), and foot position 4 (A = 5.2 
mm).  
However, foot position 4 was excluded from the treatment protocol of the study 
design. Initial to S1 preliminary assessments were conducted to evaluate the 
treatment and measurement protocol14. In this context, a skidding test according to 
the ISMNI recommendations (Rauch et al., 2010) for each foot position was 
performed. The loss of contact between the feet of the exercising subject and the 
WBV platform device is called “skidding”. This phenomenon usually occurs at high 
frequencies with increasing acceleration, when the feet were no longer able  to follow 
the downward movement of the WBV platform. As a result the body becomes air-
bound and begins to skid (Rauch et al., 2010; Rittweger, 2010). The ISMNI 
recommends a simple test for skidding by inserting a sheet of paper between the foot 
and the WBV platform. If the sheet can be pulled out during WBV treatment, the 
contact is insufficient. In the preliminary assessments foot position 4 failed that test, 
as no subject was able to keep a firm stance in that position without skidding or even 
slipping off the platform at a frequency of 30 Hz combined with knee angles of 30°, 
45°, and 60°, respectively. 
There have been only three studies found that applied higher amplitudes at high 
frequency using another side alternation vibration device (Galileo 2000, Novotec 
Medical GmbH, Pforzheim, Germany). Two of these studies set a frequency of 26 Hz 
with peak amplitude of A = 5.5 mm (Cochrane et al., 2004) and A = 5 mm (Bosco et 
al., 1998), whereas the third used a frequency of 25 Hz combined with peak 
amplitude of A = 6 mm (Schlumberger et al., 2001). The first two studies used the 
same WBV training protocol that also required the use of sport shoes to prevent 
skidding and bruising. However, no information was given about the subject’s shoe 
type or specifications of damping properties of the shoes. Nonetheless, this is an 
important factor to know, since the use of shoes could lead to changes in damping of 
the applied WBV frequency (Cardinale and Wakeling, 2005). In this context, the 
hardness of a shoe’s midsole can change the input signal (e.g. impact force and 
                                            
14
 See also appendix D (“Reproducibility of EMG measurements). 
Effects of the biomechanical variables on the magnitude of neuromuscular activity 
 
111 
 
vibration frequency) into a signal with a higher frequency content (using a hard shoe 
sole) or into a signal with a lower frequency content (using a soft shoe sole), 
respectively (Lafortune et al., 1996; Nigg et al., 1987; Nigg, 2010). Although this 
paradigm of damping, in which the input signal is characterised by frequency and 
amplitude, has a predominant relevance for biomechanical research of sport shoes, it 
can be transferred to WBV training on a platform device Nigg (2010). Finally, in the 
study by Schlumberger et al. (2001) the participants were also allowed to wear sport 
shoes, but only one leg was superimposed with WBV stimulus in a back squat 
position combined with an additional weight load. Furthermore, while standing with 
only one leg on the side alternating device, the supposed additional introduced 
rotational movements around the hip and the lumbar spine that causes a higher VbL 
(Rittweger et al., 2001) was suppressed. These two aspects certainly led to a better 
contact pressure between the feet and WBV device and may have endorsed a firm 
stance. In conclusion, the different experimental preconditions of these three studies 
using a side alternating WBV device may have prevented the respective from 
skidding, although higher peak amplitudes were applied. 
Knee angle 
The results in S1 show that the biomechanical variable of knee angle has different 
effects on the upper leg muscles. While the knee angle has a statistically significant 
main effect on the quadriceps femoris muscle, that factor has no statistical 
significance on the hamstring muscles. Rationales for this purpose are the length and 
the magnitude of preactivation of the respective muscles, as well as the distance 
between the muscle and the vibration platform device15. 
Although previous WBV training studies with side alternating vibration devices 
showed positive effects on muscular strength parameters when exercising in squat 
positions between “slightly flexed” (Russo et al., 2003)16 and 80° knee flexion (Rees 
et al., 2008), there is still little information in current literature about the effect of the 
factor knee angle on neuromuscular response during acute WBV exposure. Notably, 
Abercromby et al. (2007a) compared EMG activities during different squat positions 
(10°-35°) and between different WBV platform types. As a result, there were greater 
average responses of the knee extensors on a side alternating platform device 
                                            
15
 These reasons are discussed in research paper 1 on page 51-52. 
16
 Unfortunately, the authors did not provide any information about the exact knee angle. 
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compared to a synchronous platform device, which were statistically significant. 
Moreover, neuromuscular responses of vastus lateralis, gastrocnemius, and tibialis 
anterior were affected by the factor knee angle, with greatest responses at small 
knee angles. However, these results are in contrast to S1 and two further studies 
using  synchronous WBV platform devices (Cardinale and Lim, 2003; Roelants et al., 
2006)17 that showed an increase in neuromuscular response during WBV while 
increasing the knee angle. In the trial of Abercromby the knee angles were measured 
during dynamic squatting (0°-40°, with ±5° cut-off) and a static squat (20°). Thus, 
Abercromby argued whether this methodological approach is the cause of such 
discrepancies compared to other studies and the outcomes may be mediated by the 
presence of a postural control mechanism. Furthermore, they considered that small 
knee angles could be associated with a greater postural anxiety than large knee 
angles.  
 
3.1.2 Vibration loads and the magnitude of muscular effects 
The outcomes of S1 also indicated that neuromuscular activity of the quadriceps 
femoris muscle varied between 18.2 and 74.1 EMG
%MVC
, whereby a maximised VbL 
can be achieved at a frequency of 30 Hz combined with vibration peak amplitude of 
3.9 mm, and a knee angle of 60°. On the other hand, the magnitude of 
neuromuscular activity of the hamstrings was lower and ranged between 5.2 and 
27.3 EMG
%MVC
. The maximal VbL was detected in the combination of 30 Hz with 
vibration peak amplitude of 3.9 mm, and a knee angle of 30°. However, there were 
certain combinations of the biomechanical variables that determined approximate 
VbLs and have similar effects on lower levels of muscle activity18. In this context, 
especially at the quadriceps femoris muscle, when vibration amplitude was increased 
a statistically equivalent EMG
%MVC
 value was measured at a decreased knee angle19. 
The corresponding results of S1 indicated different magnitudes of VbLs expressed by 
                                            
17
 More details are given in research paper 1 on page 52. 
18
 See Table 1 at research paper 1 on page 50. 
19
 More details are given in research paper 1 on page 53. 
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the intensity of neuromuscular activity of the examined muscle groups according to 
the different combinations of the biomechanical variables20. 
As elucidated in research paper 1, previous studies evaluated the optimal vibration 
load for WBV training using surface EMG. Furthermore, there are also investigations 
which had different approaches to evaluate the optimal VbL.  Therefore, two studies 
conducted in the same laboratory assessed the efficacy of WBV training programmes 
with different VbLs on acute (Colson and Petit, 2013) and chronic (Petit et al., 2010) 
effects of muscle strength and power enhancements in human knee extensors.  Both 
studies applied the same two VbL settings with high frequency combined with high 
amplitude (f = 50 Hz and A = 2 mm) and low frequency combined with low amplitude 
(f = 30 Hz and A = 1 mm). The results showed that a frequency of 50 Hz in 
combination with a peak amplitude of 2 mm was more effective than the lower 
combinations of these biomechanical variables in respect to the increased levels of 
the respective outcome parameters after a single session (Colson and Petit, 2013) 
and a six-week period (Petit et al., 2010) of WBV treatment. Although these results 
are based on data collected in younger adults when using a synchronous WBV 
platform device, they are in line with the findings of S1 that also suggest an optimal 
VbL determined by high frequency and high amplitude. On the other hand, 
interpreting the effects of the knee angles used in the two trials of Colson and Petit 
compared to S1 is difficult. Whereas the WBV protocol addressing the acute effects 
implied dynamic squatting exercises with a knee angle from 0° to 90°, the treatment 
protocol addressing the chronic effects adhered different static squat positions with 
respective knee angles of 70°, 80°, 90°, and 0° that changed over the six week WBV 
intervention period. 
 
3.2 Whole-body vibration strengthening exercises in older adults 
3.2.1 Whole-body vibration training program 
Based on the findings of S1 and information from literature (Bautmans et al., 2005; 
Johnson et al., 2010; Roelants et al., 2004b), several adaptations have been 
                                            
20
 The rationale behind this finding is extensively discussed in research paper 1 on page 50-53. 
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included in the WBV training program of study number two (S2). An exercise log21 
including all WBV exercises and parameters, the individual rating of perceived 
exertion, as well as adverse events due to the WBV intervention, were recorded for 
each participant. All training sessions were closely supervised by the same 
researcher to ensure safe and optimal trainings conditions, and to give brief and clear 
instructions of the exercises. 
Twelve training sessions with two training sessions per week over a period of six 
weeks were considered to be sufficient to clarify whether the WBV intervention is 
able to increase neuromuscular performance and be feasible in older adults. For the 
WBV training period the appropriate VbLs based on the results of S1 were 
transferred to the WBV training protocol of S2. To identify and adopt the most 
practical WBV exercise types and parameters (duration and repetitions of exercise) 
effective WBV trials in literature (Johnson et al., 2010; Roelants et al., 2004b) were 
examined prior S2. Furthermore, according to these studies, the WBV training 
volume22 increased during the six weeks in respect to the overload principle. Thus, 
the total duration of WBV exposure per session increased from 6 to 17 minutes. In 
this context, it has been argued whether a WBV training session that exceed the 
recommended daily vibration exposure of 10 min as defined by the ISO (1997) is 
potentially harmful to the human body (Abercromby et al., 2007b; Pel et al., 2009). 
Notably, Rittweger (2010) mentioned that the ISO recommendations were based on 
data measurements in truck drivers or aircraft pilots for WBV exposure through the 
buttocks and represents relevant standards in occupational medicine. However, it 
should be questioned whether ISO standards can be directly transferred to WBV 
training, especially when WBV stimuli in excess of allowed ISO levels are common in 
sports like skiing (Spitzenpfeil and Mester, 1997), and can even decrease LBP as a 
result of WBV intervention (Rittweger et al., 2002). More research is needed in order 
to define appropriate and autonomous safety standards for WBV training (Pel et al., 
2009; Rittweger et al., 2002). 
 
                                            
21
 The exercise log is shown in the appendix. 
22 
The complete setting of the WBV training protocol is described in research paper 2 (page 67-69). 
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3.2.2 Effects on muscle strength parameters 
In S2 improvements of the CMJ performance were found to be statistically significant 
in the WBV group (+18.55%), whereas no significant change was found in the control 
group (CO), therefore confirming H
2
 of this thesis. These improvements were also in 
line with findings of previous studies applying WBV training in older adults23.   
On the other hand, H
3
 of this thesis is rejected, as data of S2 showed that here was 
no statistically significant improvement in maximal isokinetic muscle strength (F
Max
), 
mean power (P
Mean
), and mean work (W
Mean
) of knee extensors and flexors over time, 
regardless of the intervention group. The discrepancies of these results compared to 
other studies that examined gains in muscle strength and performance could be 
attributed to several aspects. First, it is assumed that the length of the training period 
as well as the number of training sessions during this period are important factors 
affecting the outcome of a WBV intervention24.  It is assumed that in the first 2-3 
weeks of an effective strengthening exercise program maximal strength parameters 
should clearly increase due to the enhancement of inter- and intramuscular 
coordination, but without any incidence of muscle hypertrophy (Marées, 2002; 
Weineck, 2002). Furthermore, the data of S2 also showed that subjective rating of 
perceived exertion (RPE) of WBV exercises and respective training parameters used 
in the study (level 7 to 13 of the Borg scale) were still below the recommended RPE 
levels (15-17 of the Borg scale) for strengthening exercise in healthy subjects25 
(Borg, 2004). Consequently, it can be argued that the training volume determined by 
the parameters repetition and duration of the WBV exercises in S2 were still too low 
to achieve improvements in FMax, PMean, and WMean, even though a maximised VbL of 
≈70% of MVC (and ≈52% of MVC at warm up) for the quadriceps femoris muscle was 
implemented. MVC-normalised EMG levels correlates to intensity levels in 
strengthening exercise, while an efficient strength training exercise needs an EMG 
innervation level of at least 40% to 60% of MVC to create a positive effect strength 
increase (Konrad, 2005). The applied intensity level beyond 70 EMG
%MVC
 is in 
accordance with recommended training intensities in maximal strength exercise 
(Weineck, 2002). However, based on the results of S1, the maximal possible VbL of 
                                            
23
 Possible reasons and aspects are discussed extensively in research paper 2, page 75. 
24
 These aspects are discussed in research paper 2 on page 75-76. 
25
 This indication is already discussed in research paper 2 on page 76. 
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≈19 of MVC (and ≈12% of MVC at warm up) for the hamstring muscles is confirmed 
to be too low to have positive effects on knee flexion strength parameters. Finally, S2 
also provides no improvements in isolated dynamic knee flexion strength parameters. 
Hence, the small improvements of F
Max
, P
Mean
, and W
Mean 
might be biased by the 
aspect of validity in isokinetic and isometric tests of measuring strength and power, 
while objectivity was ensured with a properly standardisation of the measurement 
settings26. The different nature of the open kinetic chain27 approach of isokinetic or 
isometric testing versus the closed kinetic chain28 of the WBV exercises may explain 
the lack of statistically significant improvements in strength and power in the results 
of S2 but also in other studies mentioned before (section 1.2.3 and section 1.2.4)29.  
In S2 CMJ performance improved without changes in dynamic strength parameters 
and is in line with the findings of Alkjaer et al. (2013). The results of these authors 
demonstrated that 4 weeks of intensive drop jump training can improve CMJ 
performance also in well-trained athletes without affecting muscle strength 
parameters and may indicate an increased drive to the α-motor neuron pool following 
training. The results of S2 also suggest that WBV training has a positive effect on 
jumping height gains by enhancing neuromuscular coordination, fast-twitch type II 
(FT II) fibres, and stretch-shortening cycle (SSC)30. Furthermore, the enhancements 
might also be attributed to the applied measurements of a CMJ that represents a 
closed kinetic chain movement and accommodates the closed kinetic chain of the 
WBV exercises. In this context, Blackburn and Morrissey (1998) showed that lower 
limb extensor closed kinetic chain muscle strength is highly related to CMJ 
performance. The validity of isokinetic and isometric strength measures is often 
questioned due to the open kinetic chain character. Therefore, these measurements 
may not reflect muscle function during motion (Weineck, 2002), nor appear in real life 
(Kannus, 1989). Nevertheless, measurements of a CMJ provide essential information 
about the natural muscle function that is important and efficient in daily life and 
human motion (Roelants et al., 2004b; Komi, 2003). 
                                            
26
 The aspects are closely described in research paper 2 on page 66-67. 
27
 Open kinetic chain refer to isolated movements around a single joint and is described as distal-end-
free (Dvir, 2004) 
28
 Closed kinetic chain refer to the use of several muscles acting in a row throughout several joints and 
is described as distal-end-fixed (Dvir, 2004) 
29
 These aspects are also discussed in research paper 2 (page 76). 
30
 And again these points are extensively discussed in research paper 2 on page 74-75 and 77-78. 
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3.2.3 Feasibility and compliance to the age-specific whole-body vibration 
training program 
The WBV training program in S2 was appraised to be feasible for older adults and 
therefore H
4
 of this thesis is accepted. There was only one dropout in the WBV group 
due to illness, which was not related to the training program or the study and 
compliance of the remaining participants was excellent (100%). The remaining 
participants attended all the twelve possible WBV training sessions within the six 
week intervention period. An important reason for the high attendance can be 
attributed to the wide choice of days and times offered to the participants for the 
training sessions. Furthermore, the WBV sessions were experienced as pleasant and 
were perceived as very useful by the participants. In this context, they uniformly 
reported an improved well-being and facilitation in activities of daily living (e.g. 
walking or climbing stairs) as a consequence of the training that is in line with 
previous reports of WBV interventions in older adults (Bautmans et al., 2005; 
Bogaerts et al., 2007a; Johnson et al., 2010; Roelants et al., 2004b). 
Another aspect of S2 was the high adherence to the WBV exercise types, meaning 
every participant was able to perform the applied exercises. Furthermore, the Borg’s 
RPE scale was used to evaluate the intensity of each exercise within each session31 
(Borg, 2004). Although this is a subjective measure, it is a valid and reliable method 
for estimating exertion in strength exercise in healthy subjects or patients, as well as 
in trained or untrained subjects (Borg, 2004; Loellgen, 2004). The participants of S2 
experienced the WBV sessions as muscle fatiguing but not as vigorous training 
sessions, which is supported by the moderate RPE levels of 7-13.  
In conclusion, the mentioned aspects may have contributed to feasibility, excellent 
compliance, and high exercise adherence of the WBV training program. In addition, 
the participants liked the WBV, and after the study was completed, most wanted to 
continue the WBV training program also suggesting that WBV might be feasible over 
longer time periods in apparently healthy older individuals. 
 
                                            
31
 The measurement of RPE is described on page 67 and the results are discussed on page 76 and 
78 in research paper 2, respectively. 
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3.3 Neuromuscular activation of the upper body during whole-body 
vibration in younger adults 
3.3.1 Effects of the biomechanical variables on the magnitude of 
neuromuscular activity 
In study number three (S3), the combination of two different vibration peak 
amplitudes (1.3 mm and 3.9 mm) and two knee angles (30° and 45°) was found to 
affect the trunk and neck muscles in young men in different ways when exposed to a 
vibration frequency of 30 Hz from a side alternating platform device. Therefore, the 
fifth hypothesis (H
5
) of this thesis is also confirmed 
Vibration frequency 
Several studies on healthy subjects and clinical populations reported improvements 
in lumbar strength after WBV training programmes either with low frequency 
(Rittweger et al., 2002)32 or high frequency (Osawa and Oguma, 2013)33. 
Furthermore, therapeutic WBV application is considered to be an efficacious 
treatment for reducing chronic LBP (Iwamoto et al., 2005; Rittweger et al., 2002). 
Although, both Rittweger and Iwamoto applied low frequencies of 18 and 20 Hz, 
respectively, these frequency ranges are still considered to be harmful as already 
mentioned (section 1.1.5 and 3.1.1). As a consequence, a vibration frequency of 30 
Hz was considered to be safe (Abercromby et al., 2007b; Caryn et al., 2014)34 and 
adequate (Wirth et al., 2011)35 for S3 to clarify whether the WBV stimulus is able to 
affect trunk and neck muscles in young men. 
Vibration amplitude 
The second factor found to be important is the impact of vibration amplitude on 
neuromuscular response of the trunk and neck muscles. The MVC normalised EMG 
levels increased with higher amplitude in all muscles tested. This aspect corresponds 
with results of EMG activity in the lower extremities as reported in S1 and by Krol et 
al. (2011). Rationales for this purpose are the association of vibration amplitude and 
                                            
32
 WBV intervention with a frequency of 18 Hz and peak amplitude of 6 mm using a side alternating 
vibration platform device. 
33
 This study is described in research paper 3 on page 87. 
34
 More details are given in research paper 3 (page 88-89). 
35
 Again, more details are given in research paper 3 on page 88. 
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a faster and greater stretching of the muscle due to vibration-specific muscle 
function36 during WBV exposure.  
An additional aspect that can be attributed to higher magnitude of EMG levels of the 
trunk and neck muscles may be the increased acceleration of the WBV platform 
device according to higher amplitudes. Therefore, the root mean squared 
acceleration (a
RMS
)37 increased from 3.33g to 9.99g (g = 9.81 ms-2) with peak 
amplitudes of 1.3 mm and 3.9 mm, respectively. However, the transmission of these 
accelerations of the platform device through the human body also depends on the 
knee angle (Pel et al., 2009), these enhanced impact forces may have provoked 
muscle tuning and TVR regulating biomechanical mechanism to control the stiffness 
of the human body (section 1.1.5). A differentiated and more extensive discussion in 
reference to the impact of vibration amplitude on neuromuscular activity of the trunk 
and neck muscles is difficult due to the lack of high quality papers38.  
Finally, studies addressing muscle activation or WBV transmission of the upper body 
recommended a peak amplitude of  2 mm for side alternating platforms (Abercromby 
et al., 2007b; Wirth et al., 2011) or rather a peak amplitude of 1 mm for synchronous 
platforms (Caryn et al., 2014). Nevertheless, each of these studies examined only 
one single amplitude. For that reason low and high peak amplitudes (1.3 and 3.9 
mm) were implemented for S3. Higher peak amplitude (5.2 mm conform to foot 
position 4 of the Galileo Fitness device)39 were excluded from the trial, since it failed 
the skidding test40 at a frequency of 30 Hz combined with knee angles of 30° and 45° 
in a preliminary assessment with medical students.  
Knee angle 
The results in S3 revealed no statistically significant effect of the knee angle. Both 
applied knee angles of 30° and 45° led to similar EMG
%MVC
 levels of trunk and neck 
muscles during WBV stimulus. However, a higher WBV-induced increase (DIF)41 in 
neuromuscular response was found in the upper (UES) and lower (LES) parts of the 
erector spinae muscle at a knee angle of 30° rather than 45°, whereas the factor 
                                            
36
 These rationales are discussed in research paper 3, page 99. 
37
 The formula to calculate a
RMS 
is given in Table
 
2 of this thesis. 
38
 This point is already addressed in research paper 3 (page 99-100). 
39
 The amplitude setting of the WBV device has been described in section 3.1.1. 
40
 This test has also been described in section 3.1.1. 
41
 WBV-induced increase (DIF) is described as difference between neuromuscular activity with and 
without vibration stimulus (research paper 3, page 96 and 98). 
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knee angle had no effect on DIF in all other muscles tested. In this context, the 
erector spinae muscles showed a lower preactivation level during low squat with 30° 
compared to high squat with 45° but data still revealed similar EMG
%MVC
 levels during 
WBV stimulus. This aspect seems to be in contrast to suggestions in literature that 
muscle length and preactivation are two main factors mediating WBV effect (Hopkins 
et al., 2009; Mester et al., 1999). In this context, it has been reported that reducing 
muscle length and therefore increasing preactivation of a muscle leads to better 
effects due to vibration exposure (Ritzmann et al., 2013; Rohmert et al., 1989). For 
that reason, it can be hypothesised that the aspect of vibration transmission through 
the human body may be the main factor affecting the back muscles. Transmission of 
vibration energy from the feet to the head is associated with mechanical impedance 
of the human body (Lafortune et al., 1996). Thus, small knee angles correlated with 
the greatest mechanical impedance and, hence, the greatest transmission of 
vibration stimulus to the upper body (Abercromby et al., 2007b). The increased 
vibration stimulus may have led to an enhanced TVR as a neurophysiologic response 
of the muscle-tendon system.  This aspect may explain the higher DIF levels in the 
erector spinae muscles with smaller knee angles although muscular preactivation 
was low. 
 
3.3.2 Vibration loads and the magnitude of muscular effects 
The results of S3 signified different magnitudes of VbLs expressed by the intensity of 
neuromuscular activity of the examined muscle groups according to the different 
combinations of the biomechanical variables42. A maximised VbL as well as highest 
DIF were achieved at a frequency of 30 Hz combined with vibration peak amplitude 
of 3.9 mm, and a knee angle of 30°. Further, some combinations of the 
biomechanical variables led to similar magnitudes of neuromuscular activity during 
WBV in all muscles tested43. The corresponding muscular responses of the trunk and 
neck muscles varied between 15.4 and 27.2 EMG
%MVC
 in erector spinae muscles, 4.8 
and 8.5 EMG
%MVC
 in the splenius muscle, and only 3.2 and 6.0 EMG
%MVC
 in rectus 
abdominis muscle, respectively.  
                                            
42
 The rationale behind this finding is extensively discussed in research paper 3 on page 97-100. 
43
 See Table 1 at research paper 3 on page 96-97. 
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The higher WBV effect (EMG
%MVC
 and DIF) than in the neck muscle could be 
explained by the level of muscular preactivation, distance and transmission factor44, 
whereas transmission is additionally facilitated by increased mechanical impedance 
(Abercromby et al., 2007b) due to the small knee angles tested in S3. However, the 
aspects of transmission, as well as the distance between the muscles and the 
vibration inducing system, seems to play hardly any role in the abdominal muscles. 
These discrepancies might be attributed to differences in muscular impact on 
postural function and therewith altered levels in preactivation45. In this context, a 
recent study reported that WBV on a side alternating platform device leads to an 
average increase of peak force with 15% in the lumbar spine46 and correlates with 
muscular activation of the back muscles (Rohlmann et al., 2014). This also supports 
the factor of higher preactivation of the back than the abdominal muscles. 
In conclusion, VbLs in trunk and neck muscles during WBV exposure can be 
characterised by low to moderate muscular intensity. Thus, it should be argued 
whether the moderate muscle activity levels measured in S3 are sufficient exercise 
stimuli to cause chronic effects in strength gains47. Nevertheless, exercise intensity 
beyond 25% of maximal MVC is considered to be adequate for strength endurance 
training (Weineck, 2002), and positive effects of WBV on increasing muscular 
performance or alleviating LBP have also been reported48. The applied knee angles 
in S3 have similar effects on the VbLs and according to literature represent safe body 
positions that have the lowest risk of harmful side effects on the upper body, whereas 
smaller knee angles should be avoided (Abercromby et al., 2007b; Caryn et al., 
2014). This aspect is also supported by the findings of Rohlmann et al. (2014) that 
indicated there were higher forces in the lumbar spine when legs were straight than 
when the knees were bent, while both the vibration frequency and the amplitude had 
only a minor effect on the forces. In practical application, WBV is an easy exercise 
modality (Bogaerts et al., 2007b; Johnson et al., 2010; Verschueren et al., 2004) and 
the vibration impact forces are generally less than for walking (Rohlmann et al., 
2014). Thus, WBV exercise offers a further perspective to affect the upper body and 
                                            
44
 These aspects are extensively discussed in research paper 3 (page 97-99). 
45
 And again these two aspects are discussed in research paper 3 (page 99). 
46
 Data from in vivo measurements of the effect of VbLs on the forces acting on a lumbar vertebral 
body replacement (Rohlmann et al., 2014). 
47
 This aspect is discussed more in research paper 3 on page 100-101. 
48
 These WBV studies are already described in research paper 3 (page 87). 
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could be used by untrained subjects or patients as an alternative to traditional 
training programmes. However, in order to evaluate acute and long term effects of a 
WBV intervention on trunk and neck muscles, based on VbLs of S3, further research 
is needed. 
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4 Limitations 
The content of this chapter is a critical assessment of the three studies and this 
doctoral thesis. The aspect of limitations has to be considered to allow appropriate 
interpretation of the results and conclusions of this thesis. Based on this, other 
scientists may consider these limitations in future WBV research projects to improve 
their scientific work.  
EMG measurements 
In S1 and S3 surface EMG measurements were assessed to analyse neuromuscular 
activity. Therefore, the quality criteria of objectivity, validity, and reliability have to be 
critically discussed, especially referring to EMG treatment procedure and data 
analysis.  
Standardisation of the experimental approach prior to the measurements was 
considered to enhance objectivity. The EMG measurement protocol49 was defined in 
the Case Report Form (CRF) and followed for all measurements. EMG treatment 
procedure and data analysis were performed according to the “Standards for 
Reporting EMG Data” endorsed by the International Society of Electrophysiology and 
Kinesiology (ISEK). The standards were written by Merletti and are also published in 
the Journal of Electromyography and Kinesiology (Merletti, 1999). Particular 
importance was placed on the normalisation procedure of the EMG signals. 
Normalisation of EMG values is necessary due to technical, anatomical, and 
physiological factors, and further to be able to compare data from different trials, as 
well as between different muscles or subjects (Burden, 2010). Although there are 
different methods of EMG normalisation (Burden, 2010), it is common to normalise 
EMG relative to the values at MVC (Burden, 2010; Merletti, 1999; Konrad, 2005). 
This method allows the researcher to assess what percentage of the maximal 
activation capacity of the muscle the task EMG signal represents (Allison et al., 1995; 
Burden, 2010). In this context, standardisation of the condition at MVC 
measurements is of particular importance (Konrad, 2005). The MVCs were 
performed on special devices in S1 (IsoMed 2000, D&R Ferstl GmbH, Hemau) and 
S3 (DAVID, David Health Solutions Ltd., Helsinki). All aspects of these MVC test 
procedures (rater’s behaviour, familiarisation procedures, test position, fixation, and 
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 The EMG measurement protocols are extensively described in research paper 1 (page 43-45) and 
research paper 3 (page 90-92), respectively. 
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content of test instructions) were standardised to enhance objectivity (Gleeson and 
Mercer, 1996) and are further described in the respective research paper. 
Another point that has to be considered in EMG measurements is validity. In 
literature the validity of EMG data recorded during WBV is controversial. Some 
authors attributed a major part of the EMG signal to vibration-induced motion artifacts 
while others have interpreted the EMG signals as muscular activity caused at least 
partly by stretch reflexes (Abercromby et al., 2007a; Fratini et al., 2009). Conversely, 
Ritzmann et al. (2010) discussed the limitations of these previous investigations and 
and revealed in a well conducted study that frequency analyses showed no evidence 
of motion artefacts in the EMG signal.  A second aspect is the test position and 
posture on the WBV platform device during EMG measurements. During EMG trials 
in S1 and S3 only knee angle was monitored using an electronic goniometer. 
However, ankle and joint angle may also affect muscular activity (Roelants et al., 
2006). As hardly any comparable parameters according to ankle, knee and hip joint 
in EMG measurement during WBV exposure are available (Abercromby et al., 2007a; 
Cardinale and Lim, 2003; Krol et al., 2011), a standardised test position was 
determined and visually controlled50. In consequence, the validity of the EMG 
measures has to be indirectly estimated by the evaluation of reliability51.  
Reliability refers to the reproducibility of data recorded during repeated 
measurements under the same conditions (Gleeson and Mercer, 1996). Hence, the 
reliability of the EMG measurement protocol was evaluated. This was conducted with 
a smaller sample size and determined using Bland and Altman plots (Bland and 
Altman, 1996; Bland and Altman, 1999). In conclusion, the Bland and Altman plots 
indicate a high reliability for all EMG measures52. 
Another issue that has to be discussed is that in S1 different quadriceps femoris and 
hamstring muscles were averaged instead of analyzed separately. A central aspect 
behind this procedure is intermuscular coordination within a muscle group. Inter-
individual variability has been shown in EMG patterns of different muscles within the 
same muscle group during the same movement task, and further the control of these 
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 Positioning of the subjects is described in research paper 1 (page 44-45) and research paper 3 
(page 91-92), respectively. 
51
Besides objectivity, validity also depends also on the criteria of reliability (Gleeson and Mercer, 
1996). 
52
 Bland and Altman plots of EMG measures are exemplarily provided as additional data in the 
appendix of this thesis. 
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muscles is also variable across the subjects (Hug, 2011). The author also indicates 
fatigue as the cause for changes in muscular coordination. In this context, 
Farahmand et al. (1998) reported that the contribution of the vastus lateralis and 
medialis muscle in quadriceps extension strength had the most variable results, with 
the ratio of these muscles ranging from 0.90 to 2.18. Hence, quadriceps femoris and 
hamstring muscles were averaged to counteract intermuscular variability on 
EMG
%MVC
 magnitudes and to provide a better adaptability in practical application in 
WBV exercises of different muscle groups. 
Strength measurements 
Knee extension and flexion strength parameters were assessed in S2 with an 
isokinetic dynamometer that is considered to be the gold standard in muscle strength 
testing (Stark et al., 2011), while jump height was assessed performing a CMJ. The 
test procedures, however, depend on various factors such as motivation of the 
subject (Denner, 1997), rater’s behaviour, familiarisation procedures, test position, 
fixation, and content of test instructions (Gleeson and Mercer, 1996). A high level of 
standardisation of the test procedures53 prior to the measurements was considered to 
enhance the quality criteria (objectivity, validity, and reliability).  
The measurement protocol of S2 was defined in a CRF and followed for all 
measurements to enhance objectivity. 
The open chain character of isokinetic and isometric tests is often questioned to 
reduce validity of such measurements and has been discussed in this thesis (section 
3.2.2) and in research paper 2 (page 76). Furthermore, validity also depends on the 
other quality criteria of objectivity and even more on reproducibility. 
Reliability of the measurement protocol was estimated according to the requirements 
of the Journal of Strength and Conditioning Research. Therefore, reproducibility was 
determined by calculating ICC and indicates a high reliability for all measurements of 
neuromuscular performance54.  
Study population 
A further limitation is the lack of a sham control group performing the same exercises 
as the WBV group but without vibration stimulus55 in S2. An inclusion of sham 
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 The measurement protocol is extensively described in research paper 2 (page 66-67). 
54
 The ICC values for each dependent variable were >0.93 (research paper 2, page 70). 
55
 The reason not including of a sham group is given in research paper 2 (page 77). 
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training groups in experimental WBV designs is still not well-established and may 
limit the conclusions on WBV effectiveness (Colson et al., 2009; Petit et al., 2010). A 
sham intervention group is considered to be essential to distinguish the additional 
WBV effect (Petit et al., 2010). 
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5 Conclusion and future perspectives 
The issues of this thesis have been systematically analysed in order to provide basic 
recommendations for effective training protocols and procedures to describe 
evidence-based vibration exercise programmes. The findings of this thesis are 
important contributions to address the deficiencies of high quality papers dealing with 
WBV training on a side alternating platform device. First, the findings contribute to 
the field of basic research, as there are only a small number of studies focused on 
muscle strength and performance of the lower extremities in older adults using side 
alternating WBV platform devices. These studies also revealed discrepancies 
referring to the outcomes among the studies caused by different applied training 
protocols and VbLs. Second, the examination of different VbLs on the effect on trunk 
and neck muscles can help to improve recommendations for effective but safe 
recommendations for WBV settings, as there is still a deficit of information about that 
aspect in young and in older men. In consideration of these aspects, hypotheses 
have been formulated and examined in different peer reviewed research papers.  
In a first step, the effectiveness of different VbLs on thigh muscles in older adults has 
been examined. The results show that different combinations of the biomechanical 
variables resulted in different VbLs. In a second step, the highest VbL was 
implemented in a six-week WBV training program. According to the intervention 
outcomes, it is asserted that WBV training based on age-specific VbL and exercise 
setting is a feasible, suitable and effective training program for elderly people to 
prevent age-related reduction of muscle performance in the lower extremities. Finally, 
the last step led toward detecting the best parameters for combining biomechanical 
variables according to low risk amplitudes and knee angles, and frequency 
considered in literature to produce the highest VbL during WBV exposure for trunk 
and neck muscles on a side alternating platform. Although the applied biomechanical 
variables represent a safe setting to prevent harmful transmissions to the head, they 
only elicit low to moderate muscle activation. The issues of this thesis may be useful 
for other scientist in the field of WBV research, as well as for sport advisors and 
therapist as recommendations for practical application.  
The findings of this thesis indicate that WBV training intervention has great potential 
when using side alternating vibration devices in older adults to prevent functional 
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strength loss and retain physical function in the lower extremities. Therefore, the 
results may be helpful for physical therapists, coaches, and fitness professionals to 
offer high qualitative WBV training programmes as an alternative strength training 
method to conventional exercise programmes. Furthermore, the recommendations of 
this thesis can be included in practical applications, where the focus of WBV exercise 
is on preventive or rehabilitative programmes. Thus, WBV training as 
countermeasure against de-conditioning can be improved in different practical fields 
as in patients with clinical complaints, such as osteoporosis, osteoarthritis, or 
sarcopenia, as well as therapeutical application after orthopaedic surgery.   
Another potential field of application for WBV exercise is pre-rehabilitation, where 
WBV intervention is applied prior surgery. Pre-surgical conventional strength 
exercise programmes can safely improve preoperative functional status of patients 
undergoing total joint arthroplasty (knee and hip) to reduce their hospital stay and 
shorten the inpatient rehabilitation (Rooks et al., 2006). Hence, Johnson et al. (2010) 
have already indicated that WBV training is a feasible and effective therapeutic 
treatment after total knee arthroplasty. They further proposed that the un-weighted 
WBV exercises reduce stress in older individuals and may increase adherence to 
rehabilitation protocols.  
The findings of this thesis to which extend WBV affect the upper body in young men 
provide basic insights on how trunk and neck muscles can be treated. However, 
WBV only elicit low to moderate muscle activity. The effects on neuromuscular 
performance or further aspects of LBP, such as symptoms and pain disability, are of 
future interest. In addition, the optimal dosages of WBV training parameters like 
period of intervention, number, volume and duration of exercises still need to be 
evaluated. The Borg scale to rate perceived exertion to modify the training settings 
can be used for this purpose. 
Today, WBV platform devices are inherent parts of many fitness centres. 
Furthermore, WBV training may also be implemented in preventive sports societies. 
The “Präventionssportverein Tübingen e. V.” is one of those societies with more than 
20 therapeutic groups in and around Tuebingen (Germany) and offers preventive and 
rehabilitative sports to older adults. “Hip School” and “Knee School” are two of the 
therapeutic elements of the society. In a small pilot study Rapp et al. (2009) 
evaluated the efficiency of a WBV exercise programme compared to a conventional 
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strength training for knee stability in participants of “Knee School” with osteoarthritis 
of the knee. Although the results showed that WBV seems to be a feasible and 
effective exercise method and the society possesses their own side alternating 
vibration device, WBV is still not well-established in training. Finally, the close 
relationship of the Department of Sports Medicine of the University of Tuebingen and 
the “Präventionssportverein Tübingen e. V.” may enable a transfer of the 
recommendations of this thesis to future practical application. Another institution that 
offers preventive sport programmes is the AOK (Allgemeine Ortskrankenkasse) 
Baden-Wuerttemberg, a compulsory health insurance fund. The AOK run several 
site-health centres in their regional divisions. The “AOK RückenKonzept©” is the core 
element in the sport programme with over 100 active participants per day in each 
centre. In a pilot test a side alternating platform WBV device was placed in the AOK 
site-health centre in Tuebingen in cooperation with the Department of Sports 
Medicine of the University of Tuebingen for six month. In this context, a WBV training 
for the lower extremities in addition to the “AOK RückenKonzept©” was offered for 
free. More than 80% of the “AOK RückenKonzept©” participants used and 
appreciated this exercise possibility. The AOK Baden-Wuerttemberg is still looking 
for more evidence-based training concepts to extend and enhance their preventive 
sport programmes and the findings of this thesis may help to support future practical 
application. 
WBV training seems to be a safe and feasible exercise programme for most people. 
However, besides the optimal VbLs an optimal setting of the WBV training protocol, 
such as dosage and exercises types, should be adjusted to the specific target 
groups. The focus should be directed to the individual subject or patients with clinical 
complaints (e.g. sarcopenia, osteoarthritis, LBP, osteoporosis). Subsequently, 
specific WBV training protocols still need to be developed and evaluated. The 
findings of this thesis indicate that the Borg RPE scale is an appropriate 
measurement for WBV training intensity, but additional assessments of pain or 
physical disability may also be important in future research in the field of WBV.   
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7 Appendix 
A  Technical data of the Galileo Fitness WBV platform device 
 
Table 9: Technical data of the Galileo Fitness. 
Technical data  
Medical device Yes 
Certificate CE0123 
Hand rail Yes 
External control panel Mounted on hand rail 
Internal control panel No 
Remote control No 
Frequency (f) range 5 to 30 Hz 
Amplitude (A) range 0 to 5.2 mm 
Maximal Displacement (D) 10.4 mm 
Dimensions base unit (l/w/h) 800 x 470 x 180 mm 
Dimensions footplate (l/w) 588 x 377 mm 
Overall dimensions (l/w/h) 800 x 590 x 1300 mm 
Weight base unit 77 kg 
Total weight 98 kg 
Maximal load (body weight) 160 kg 
Power consumption 800 VA 
Categorisation Professional 
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B.1 Information about the aim and content of S1 for the participants 
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B.2 Case report form of S1
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C.1 Information about the aim and content of S2 for the participants 
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C.2 Case report form of S2 
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C.3 Trainings log and Borg RPE scale of S2 
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D.1 Information about the aim and content of S3 for the participants
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D.2 Case report form of S3
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E Reproducibility of EMG measurements 
Bland and Altman plots of EMG
%MVC 
measurements of preliminary assessments are 
shown exemplarily. 
 
Figure 6: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 1.3 mm, and knee angle of 30°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
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Figure 7: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 1.3 mm, and knee angle of 45°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
 
 
Figure 8: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 1.3 mm, and knee angle of 60°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
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Figure 9: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 2.6 mm, and knee angle of 30°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
 
 
Figure 10: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 2.6 mm, and knee angle of 45°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
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Figure 11: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 2.6 mm, and knee angle of 60°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
 
 
Figure 12: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 3.9 mm, and knee angle of 30°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
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Figure 13: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 3.9 mm, and knee angle of 45°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
 
 
Figure 14: EMG
%MVC 
measurements of the quadriceps femoris muscle in 9 older adults with vibration 
frequency of 30 Hz, peak amplitude of 3.9 mm, and knee angle of 60°. The x-axis shows the mean 
differences and the y-axis shows the mean values of the PreTest and PostTest. 
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